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Replacement of Synaptic Terminals in Lamina Il and Clarke’s
Nucleus after Unilateral Lumbosacral Dorsal Rhizotomy in Adult Cats

Marion Murray and Michael E. Goldberger
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Evidence from previous light-microscopic studies suggested that
lumbosacral dorsal rhizotomy in cats elicits sprouting of con-
verging undamaged systems into partially deafferented Clarke’s
nucleus and lamina II. We therefore applied quantitative elec-
tron-microscopic methods to determine whether this sprouting
is associated with replacement of synaptic terminals (reactive
reinnervation). We used stereological and morphometric meth-
ods to estimate terminal number per cross section in right and
left lamina IT and Clarke’s nucleus in adult cats after acute and
chronic unilateral (right-sided) lumbosacral deafferentation.
Planimetric measurements of area indicated no significant
shrinkage of either region as a result of the deafferentation; an
increase in area occupied by glial cytoplasm (gliosis) equaled
the decrease occupied by axonal components. The gliosis ap-
pears to persist indefinitely, although the degenerative debris
stainable with conventional light-microscopic methods does not
persist. Analysis of the synaptic population of lamina IT reveals
that the large central or “scalloped” terminals comprise a sub-
stantial fraction (>40%) of the total area occupied by terminals
in control material and that this population is largely lost upon
deafferentation, leaving a large population of small terminals
with spherical vesicles. Nevertheless, estimates of total terminal
number indicate no difference between control and deafferented
lamina II, suggesting a rapid and virtually complete replace-
ment of lost dorsal root terminals by small terminals containing
spherical vesicles. Terminal number in Clarke’s nucleus also
remains constant despite the loss of the dorsal root input. We
conclude that there is also a virtually complete and rapid re-
placement of lost terminals in Clarke’s nucleus by terminals
containing spherical vesicles. These data provide an example of
a case in which axonal sprouting demonstrated with light-mi-
croscopic methods is associated with electron-microscopic evi-
dence of reactive reinnervation.

Although collateral sprouting by intact axons in response to
damage has been described in many parts of the adult brain (see
Cotman et al., 1981, for review; Chen and Hillman, 1982; Mu-
rakami et al., 1982), sprouting in the spinal cord remains con-
troversial. It has been reported by some investigators (see Gold-
berger and Murray, 1978, 1985, for reviews; Liu and Chambers,
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1958; Pullen and Sears, 1978, 1983; Tessler et al., 1981; Thor
et al., 1982, 1986) and denied by others (Rodin and Kruger,
1984; Rodin et al., 1983; Wall, 1984). Reports that sprouting
cannot be demonstrated after some central lesions (Devor et al.,
1986; Kerr, 1972; Rodin and Kruger, 1984; Rodin et al., 1983)
imply either that specific regulatory influences exist that deter-
mine the success or failure of sprouting (Goldberger and Murray,
1978, 1985) or that positive evidence for sprouting is artefactual
(Rodin and Kruger, 1984; Rodin et al., 1983; Wall, 1984). This
issue needs to be resolved since sprouting has important theo-
retical implications for growth and specificity of projections in
the mature CNS and also as a possible mechanism underlying
recovery of function (see Cotman et al., 1981; Goldberger, 1981).

Several factors have made studies of sprouting difficult to
interpret: (1) The demonstration of sprouting usually depends
upon some labeling method: degeneration staining methods
(Goldberger and Murray, 1974, 1978; Kerr, 1972; Stelzner et
al., 1979), axonal transport of newly synthesized proteins
(Loesche and Steward, 1977; Murray and Goldberger, 1974), or
HRP (Rodin et al., 1983; Thor et al., 1982); or immunocyto-
chemical staining of axons and terminals (Gage et al., 1983;
Tessler et al., 1981). None of these methods can be assumed to
be amenable to a quantitative analysis of the entire population
of axons that may sprout. (2) Since some of these methods
depend upon metabolic properties of the neurons investigated,
increased labeling due to sprouting may be confounded with
increases that reflect metabolic changes. (3) Denervated regions
in which sprouting is investigated are likely to undergo shrink-
age. Regions must be chosen for study, therefore, that have
relatively clear boundaries in order that corrections can be made
for lesion-induced changes in volume. (4) Although specific la-
beling methods reveal a particular system, they do not provide
information about other converging systems. Negative resuits
may simply indicate that, of a number of systems projecting to
a partially denervated region, the ones that sprout are not the
ones under examination (Goldberger and Murray, 1978). Even
within the same system, some axons exhibit a greater propensity
to sprout than others (Jackson and Diamond, 1983; Mendell et
al.,, 1986). A different approach to assessing lesion-induced
changes is to examine the consequences of the lesion for the
entire synaptic population in the target zone. An absence of
sprouting should be manifested by a permanent decrease in the
total synaptic population.

Synaptogenesis is not a necessary outcome of axonal sprouting
(Chow et al., 1981), and light-microscopic methods that have
demonstrated increases in a projection pattern do not provide
evidence that newly sprouted axons have made synaptic con-
tacts. In certain regions of the CNS, however, sprouting has
been shown to result in replacement of synaptic terminals (re-
active reinnervation) (Chen and Hillman, 1982; Murakami et
al., 1982; Pulien and Sears, 1983; Raisman, 1969), whose func-
tional capacity has been studied in some cases (Pullen and Sears,
1978, 1983; Tsukahara, 1978; Tsukahara et al., 1975) but not

3205



3206

others (Chen and Hillman, 1982; Raisman, 1969). In some sys-
tems, lesions that elicit partial denervation followed by sprout-
ing have been shown to elicit functional deficits followed by
considerable recovery of function. The recovery may be dem-
onstrated by behavioral (Goldberger and Murray, 1978; Loesche
and Steward, 1977) or neurophysiological (Pubols and Gold-
berger, 1980; Tsukahara, 1978; Tsukahara et al., 1975) assays,
and it seems reasonable to suggest that this recovery is mediated,
at least in part, by sprouting axons. Nevertheless, demonstration
of synaptic replacement following lesions is a necessary step
before it can be concluded that sprouting is associated with
formation of new synaptic contacts and, therefore, that sprout-
ing contributes to recovery of function.

The aim of the present study was to determine if synapto-
genesis occurred in a system in which both light-microscopic
evidence for sprouting and behavioral evidence for recovery of
function have been described. The model chosen was the cat
spinal cord partially deafferented by unilateral complete lum-
bosacral dorsal rhizotomy and/or ganglionectomy. The advan-
tages of this model are (1) there is light-microscopic (Goldberger
and Murray, 1978; Goldberger et al., 1985; Tessler et al., 1980,
1981) and biochemical (Tessler et al., 1984) evidence for sprout-
ing after this lesion; (2) the cat spinal cord contains several
regions with well-defined boundaries that are suitable for mea-
surement to control for shrinkage; (3) extradural rhizotomy does
not damage systems other than the dorsal roots and therefore
does not elicit other kinds of compensatory growth, e.g., pruning
(see Pickel et al., 1974; Schneider, 1970); (4) dorsal rhizotomy
in cats results in an unambiguous behavioral deficit followed
by an equally obvious recovery of function (Goldberger, 1977).

The specific areas we have examined were lamina II at L, and
Clarke’s nucleus at L,. The dorsal root projection to lamina II
is primarily segmental and that to Clarke’s nucleus an ascending
but topographic projection (Szentagothai, 1961); a complete
lumbosacral dorsal rhizotomy will therefore result in maximal
denervation of lamina II in caudal lumbar segments and of
Clarke’s nucleus in rostral lumbar segments. We applied quan-
titative electron-microscopic methods in order to estimate the
number of terminals in lamina II and Clarke’s nucleus after
complete lumbosacral dorsal rhizotomy and/or ganglionectomy
in control and partially deafferented spinal cords. We provide
evidence that the normal number of terminals is conserved, that
the replacement of lost terminals begins soon after the deaffer-
entation and is virtually complete, and that the replaced ter-
minals share some morphological characteristics with those that
were lost. Some of these results have appeared in preliminary
form (Murray et al., 1983, 1984).

Materials and Methods

Thirteen adult cats were anesthetized with Nembutal. Unilateral (right-
sided) lumbosacral dorsal rhizotomies (L1-S2) and, in most cases, gan-
glionectomies were performed extradurally under antiseptic conditions
according to methods described elsewhere (Goldberger and Murray,
1974). For convenience, the side on which the rhizotomy was performed
is referred to as the “deafferented” side, although afferents from many
sources remain. All animals were examined postoperatively for the pres-
ence of tendon reflexes and responses to intense pinching in order to
eliminate any animal with an incomplete lesion. Animals were allowed
to survive for acute (2.5, 3, 4, 4, 6, 6 d) and chronic (3, 3, 9, 12, 15
months) periods. Two of the chronic animals were studied behaviorally,
and the recovery of function was documented (Goldberger and Olivier,
1984). In addition to the unoperated side of the experimental animals’
spinal cords, 1 unoperated spinal cord was used as a control. One deaf-
ferented animal with a survival period of 12 months was perfused with
10% formalin and the L6 segment was studied for persistence of de-
generative debris using a silver stain (Ebbesson and Rubenson, 1969).
At sacrifice, the other animals were deeply anesthetized, injected intra-
venously with 1 cc of 10% heparin and 20 min later with 1% NaNO,,
intubated, and artificially respired, and then perfused intracardially with
saline followed by 0.5% glutaraldehyde and 4% paraformaldehyde in
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phosphate buffer (0.1 M final molarity). The spinal cord was removed
and the L6 and L3 segments were sliced into cross sections. The left
(control) and right (deafferented) dorsal horns of L6 were dissected out.
For the L3 segment, single blocks were prepared that contained both
control and deafferented Clarke’s nuclei. These blocks were osmicated
and embedded in a mixture of epon and araldite.

Cross sections, 1 um thick, were cut with glass knives and stained
with toluidine blue. Camera lucida drawings were made of the sections,
the boundaries of lamina Il and Clarke’s nucleus were outlined, and the
areas measured planimetrically. The cross-sectional area was measured
from 2-7 sections taken from each nucleus and lamina on control sides
and from sides that had been deafferented 3-6 d (acute) and 3—15 months
(chronic) previously. The mean cross-sectional area of the nucleus or
lamina was then calculated for individual cases and for control, acutely
deafferented and chronically deafferented groups. The boundaries of
Clarke’s nucleus were readily recognized owing to the different density
of the neuropil between Clarke’s nucleus and surrounding neuropil. The
criteria for defining the lamina I-II and lamina II-III boundaries in
control and deafferented spinal cords were similar to those described
by others (Ralston, 1968; Ralston and Ralston, 1979; Snyder, 1982).
Lamina I could readily be recognized by the presence of marginal neu-
rons, bundles of myelinated fibers cut in cross section, and the greater
density of neuropil. The lamina II-III boundary was quite irregular but
could be demarcated primarily on the basis of the denser neuropil im-
parted by the presence of small myelinated axons. The boundaries be-
tween laminae and between Clarke’s nucleus and adjacent neuropil that
were identified by one investigator could be recognized independently
by another investigator on both control and deafferented sides.

Stereological analysis

Thin sections, which contained an entire lamina II or both Clarke’s
nuclei, were cut, placed on 400 mesh grids (Pelco), stained, and the
sections examined in a JEOL 100S EM. At low magnification, the sec-
tions were outlined on graph paper, and, using landmarks on the ad-
jacent semithin section as a reference, the laminar or nuclear boundaries
were identified. The nucleus or lamina was systematically traversed and
1-2 photographs at a magnification of 8000 x were taken from alternate
grid squares. Only grid squares in which more than one-half of the field
was occupied by large blood vessels or by the large bundles of myelinated
axons that penetrate the medial dorsal horn were excluded from the
photographic survey. Some 20-30 photographs were routinely taken
from each nucleus or lamina.

Photomicrographs were enlarged 2.5x. All micrographs were ana-
lyzed stereologically by 2 independent investigators. The area fractions
occupied by axons (myelinated, unmyelinated, degenerating), terminals,
cell bodies and dendrites, and non-neuronal structures {glia, small blood
vessels, and unidentified profiles) were calculated. For the stereological
analysis, a profile was identified as a terminal if it contained a cluster
of 5 or more synaptic vesicles. The identification of small processes was
more difficult. We considered profiles with pale cytoplasmic matrix,
containing cytoskeletal elements, which were circular in cross section
or of constant caliber if cut longitudinally, to be unmyelinated axons.
Profiles that were more irregular in shape and contained pale cytoplas-
mic matrix were classified as dendrites. Processes were counted as glial
profiles if they were irregular in shape or contained glial filaments or a
dense cytoplasmic matrix. Profiles identified as glial accounted for the
vast majority (>95% area fraction) of the non-neuronal structures. Two
to 3 sections were analyzed per nucleus or lamina in most cases and
the results were averaged. The correlation between results of the stereo-
logical analysis performed by the 2 investigators was consistently high
(r =0.98).

Morphometric analysis

Terminals from randomly selected photomicrographs were then ana-
lyzed morphometrically. For the morphometric analysis, a profile was
considered to be a synaptic terminal if it contained a cluster of 5 or
more synaptic vesicles and contacted neuronal profiles with a recog-
nizable postsynaptic density. The cross-sectional area and the perime-
ter: area ratio of each terminal were measured planimetrically. The
length of the postsynaptic density was measured separately for 20-50
terminals from each nucleus or lamina. The terminal was classified as
being intact or degenerating; the synaptic vesicles were classified as being
spherical, pleomorphic, or containing a dense core. The number of
postsynaptic densities contacted by each terminal profile was counted,
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and a mean multisynaptic index (mean number of contacts with separate
postsynaptic structures per terminal profile) was calculated.

An estimate of total number of terminals per cross section was cal-
culated for each nucleus or lamina as follows:

Total number of terminals per cross section
Cross-sectional area of % area occupied by terminal
_ nucleus or lamina (um?) x profiles (stereological analysis)

Mean cross-sectional area of
terminals (um?) (morphometric analysis)

[Total number of synaptic contacts per cross section of lamina II] =
[Multisynaptic index] x [Total number of terminals per cross section].

Replacement of Synaptic Terminals in Cat Lamina Il
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Figure 1. Cross sections of semithin
sections from dorsal horn of cat,
stained with toluidine blue. The neu-
ropil of lamina II is less dense than
the neuropil of laminae I and IT1. x 100.
A, Control side. Lamina I is recog-
nized by small bundles of fibers cut
in cross section. Laminae [, I, and III
boundaries are defined microscopi-
cally by different densities of the neu-
ropil imparted by myelinated axons.
B, Deafferented side, 4 d survival.
Mpyelinated axons in the dorsal col-
umns and penetrating the dorsal horn
are undergoing degeneration. The
boundaries between laminae I, IT, and
ITI can still be recognized microscop-
ically. C, Deafferented side, 7 months
survival. Myelinated axons in the
dorsal columns and some in laminae
I, II, and III have degenerated, in-
cluding the bundles of axons pene-
trating the dorsal horn. The remain-
ing myelinated axons from intraspinal
sources impart a greater density to
laminae I and III than lamina II, and
these boundaries can be recognized
microscopically by carefully focusing
through the section.

The group mean total terminal or synaptic number was then calculated
for control and acutely and chronically deafferented nuclei or laminae.
All comparisons were tested statistically using 1-way analysis of variance
and Fisher’s least-significant difference test (p < 0.05; NCSS statistical
package).

Results
Lamina IT

Cross-sectional area of lamina IT

The cross-sectional area of lamina II was measured from camera
lucida drawings of sections taken from control and deafferented
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Table 1. Cross-sectional area of lamina II

Laminar area

Group n (um? x 109
Control 8 192 + 1.3
Acute deafferentation 4 178 = 1.4
Chronic deafferentation 3 19.7 = 1.2

sides. Some distortion of the shape of the dorsal horn could be
seen after chronic deafferentation (Fig. 1). Planimetric mea-
surements indicate no significant shrinkage of the deafferented
lamina II in either the acute or chronic survivors (Table 1).

Stereological analysis

A summary of the stereological analysis of lamina II for the
control and acute and chronic deafferented groups is shown in
Table 2 and Figure 2. After chronic deafferentation, there is a
decrease in the area occupied by myelinated axons and by ter-
minals compared to control values. There is also a statistically
significant increase in area occupied by non-neuronal elements
(primarily glial cytoplasm), which is detectable in both acutely
and chronically deafferented lamina II. This increase in glial
cytoplasm is equivalent to the loss in myelinated axons and
terminals in the deafferented lamina II and accounts for the
absence of measurable shrinkage and the maintenance of normal
laminar dimensions. Degenerative debris was most common in
the earliest postoperative period examined (2.5 d) but had vir-
tually disappeared from lamina II neuropil by 6 d postopera-
tively. Degenerating myelinated axons could be recognized in
the white matter on the deafferented side for longer periods, up
to 3 months postoperatively. Sections stained by silver methods
(Ebbesson and Rubinson, 1969) for degenerating axons from
deafferented cats with 12 month survival periods were exam-
ined. No stainable degenerative debris could be seen in the gray
matter, despite the persistence of gliosis at this time (Fig. 3).
The gliosis in lamina II, unlike the argyrophilic degeneration
products, appears to remain indefinitely. Other components of
the neuropil, the unmyelinated axons, and postsynaptic struc-
tures show no significant changes from control levels. Degen-
erative debris was never seen in lamina II on the unoperated
control side. No differences were seen between unoperated sides
of deafferented animals and the unoperated control animal. (One
animal was killed 2.5 d postoperatively; iamina II on the deaf-
ferented side contained some degenerating axons and terminals
but was quantitatively similar to control animals. The data for
this animal are not included in the tables.)

Synaptic terminals in lamina I1

A summary of the characteristics of terminals in control and
deafferented lamina II is shown in Table 3.

Control. Most of the synaptic terminals in control lamina II
contain spherical vesicles (87%) and make contacts with den-
dritic processes (98%; Table 3). Within this population, it is
possible to recognize 2 subtypes: 84% of these profiles are small
and make a single synaptic contact upon a single postsynaptic
structure. About 16% are larger, contain somewhat more densely

Murray and Goldberger

Vol. 6, No. 11, Nov. 1986

Lamina il
100 |- )
Unmyelinated axons
Myelinated axons
80+ Degenerated axons
Terminals
©
o
c 60—
L3 . .
=l Cell bodies + dendrites
[]
[$]
5 “I
o
0 )
g Glia
0 Py
Acute Chronic
Control Deafferentation

Figure 2. Composition of neuropil. Histogram summarizing stereo-
logical data from lamina II. Bars indicate composition of neuropil in
control and acute and chronic deafferentation groups. Since there was
no difference in mean cross-sectional area of lamina Il among the groups,
each bar is set equal to 100%. Bars are divided according to the area
fraction occupied by axons, terminals, postsynaptic structures, and glia.
Note decreased area fraction occupied by myelinated axons in the chron-
ically deafferented group and the increase in glial fraction in both acute
and chronically deafferented groups compared to controls. Area occu-
pied by terminals is also decreased in the deafferented groups.

packed spherical vesicles, and make 2 or more synaptic contacts
upon different postsynaptic profiles (Fig. 44). The terminals that
make multiple contacts have been called central or “scalloped”
terminals and are thought to originate largely or entirely from
dorsal root afferents (Coimbra et al., 1974; Knyihar and Csillik,
1976; Ralston and Ralston, 1979; Ribeiro-da-Silva and Coim-
bra, 1984; Snyder, 1982). The central terminals are distributed
evenly mediolaterally across the lamina. The mean surface area
of terminals with multiple contacts is 3.8 times larger in area
than the area of those which make single contacts (Wu et al.,
1986). Although comprising only 16% of the total number of
terminals, these large central terminals account for more than
40% of the total area occupied by axonal terminals in control
lamina II.

Acute. Following deafferentation, only a small number of dark
degenerating profiles were seen, most frequently at the earliest
survival period examined—2.5 d (Fig. 4, B, C). This observation
is consistent with other reports (Heimer and Wall, 1968; Ral-
ston, 1968) that the dense type of degeneration is uncommon
after deafferentation and that it is usually seen at early post-
operative times. All degenerating terminals that could be clas-
sified contained spherical vesicles. Both large central and smaller
terminals degenerated (Fig. 4, B, C).

Chronic. At later postoperative periods, stereological analysis
indicates a decrease in total area occupied by terminals. Very
few terminals are seen that make more than 1 synaptic contact
at this time. These observations are borne out by the quanti-
tative analysis which demonstrates a significant decrease in the

Table 2. Composition of lamina II (% of area)

Myelinated Unmyelinated Degenerated Perikarya, Non-neuronal
Group n axons axons axons Terminals dendrites structures
Control 10 12.1 = 1.6 11.9 + 1.7 0 14.5 £ 0.7 473 £ 2.1 14.0 = 1.6
Acute deafferentation (3-6 d p.o.) 5 10.0 = 2.1 119 £ 1.5 20 £09 123 + 1.1 45.8 £ 3.7 17.8 £ 1.42
Chronic deafferentation (3-15 mo. p.o.) 5 8.4 £ 0.9 10.4 + 3.8 0.9 + 0.5 11.0 + 0.9 44,0 + 3.5 25.2 £ 2.74

Means + SEM are given.
< Significantly different from control (p < 0.05).
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mean area of terminals and in the multisynaptic index (Table
3). These data are consistent with the permanent loss of virtually
all central terminals, as well as a loss of some of the smaller
terminals. Other characteristics of synaptic contacts—i.e., the
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Figure 3. Section from L6 dorsal horn on the deafferented (A, C) and control (B, D) sides from an animal with a 12 month survival period,
stained with the Ebbesson-Rubinson modification of the Nauta method. 4 and B, Dorsal horn; C and D, intermediate zone of the spinal cord.
Note increased number of glial nuclei on the deafferented sides (4, C) compared to comparable regions on the control sides (B, D). There is no
recognizable degenerative debris present at this postoperative period. Closed arrows indicate glial nuclei. Open arrows indicate normal axons.
% 200.

percentage of terminals containing each vesicle type; the per-
centage of axosomatic, axodendritic, and axoaxonic contacts;
the perimeter : area ratio; and the lengths of postsynaptic den-
sities—showed no significant differences between control and
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Figure 4. Electron micrographs showing synaptic contacts in lamina II. Calibration bar, 1 pm. 4, Example of central terminal (cf) that contains
spherical vesicles and makes several asymmetric contacts upon different dendritic profiles and small conventional terminals (¥) containing spherical
vesicles and making asymmetric contacts upon dendritic profiles. Electron micrograph by Dr. Liang-Fang Wu. B, Example of dense degeneration
of a small terminal 2.5 d after lumbosacral dorsal rhizotomy. C, Example of dense degeneration of a central terminal 2.5 d after lumbosacral dorsal
rhizotomy.

acute and chronic deafferented laminae. Changes in the 3-di-
mensional shape of terminals might not be detected by these
methods. Unoccupied postsynaptic densities were not seen.

Number of terminals and synaptic contacts in lamina I1

Synaptic number in lamina II was estimated for each case and
the group means were then computed. The estimated total num-
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ber of terminals per cross section of lamina II (Table 4) shows
no difference among control, acutely or chronically deafferented
laminae. Since the population of central terminals normally
accounts for a large fraction of the total area occupied by ter-
minals and is virtually eliminated in the deafferented laminae,
these data suggest that the conservation of terminal number
results from the rapid replacement of central terminals by small-
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Figure 5. Semithin toluidine blue-stained section of control (left) and deafferented (right) Clarke’s nuclei 4 d after right lumbosacral deafferentation.

Boundaries of both nuclei can be recognized. x150.

er terminals that make fewer synaptic contacts. When the total
number of synaptic contacts in lamina II is calculated (multi-
plying the number of terminals by the mean synaptic index),
then the chronically deafferented lamina shows a decreased
number of contacts compared to controls (Table 4). These data
suggest that the number of terminals is conserved but that rein-
nervation is incomplete and therefore that some postsynaptic
structures still remain partially denervated.

Clarke’s nucleus

Cross-sectional area of Clarke’s nucleus

Degeneration stains indicated that dorsal roots normally project
densely to fill the morphologically defined boundaries of Clarke’s
nucleus. Planimetric measurements, however, show that there
is no significant difference in cross-sectional area due to deaf-
ferentation (Fig. 5, Table 5).

Stereological analysis

The stereological analysis (Table 6, Fig. 6) demonstrates that
Clarke’s nucleus differs in several predictable respects from lam-
ina IT (Fig. 2, Table 2). A larger area fraction is occupied by
myelinated than unmyelinated axons, consistent with the dense
projection of group I and II axons to Clarke’s nucleus, and a
smaller fraction of the area is occupied by synaptic terminals,

consistent with less synaptic input compared to lamina II. Acutely
and chronically after deafferentation there is a significant de-
crease in the area occupied by myelinated axons, and a parallel
increase in the area occupied by glial cytoplasm. As in lamina
II, the increase in glial cytoplasm is equivalent to the loss of
axons and accounts for the absence of shrinkage. The area oc-
cupied by terminals is decreased only in the acutely deafferented
Clarke’s nucleus.

Synaptic terminals in Clarke’s nucleus

Control. Three classes of terminals have been distinguished in
Clarke’s nucleus (Rethelyi, 1970): large terminals containing
spherical vesicles (“giant” axon terminals; Fig. 7B) and 2 smaller
terminal types (Fig. 74), one containing spherical vesicles and
another containing pleomorphic vesicles. In control Clarke’s
nucleus, about 80% of the terminals contain spherical vesicles
and the remainder contain pleomorphic vesicles (Table 7). An
examination of the size distribution of terminals with spherical
vesicles, however, did not indicate that 2 populations of ter-
minal profiles containing spherical vesicles, 1 giant and 1 small,
could be distinguished on the basis of cross-sectional area (see
also Tracey and Walmsley, 1984). Most terminal profiles contact
only single postsynaptic structures in a cross section, although
there may be more than one active zone per terminal profile.
Acute. Following deafferentation, dense degenerating termi-

Table 3. Synaptic terminals in lamina IT

Vesicle type (%)
Mean Dense core  Postsynaptic structure (%)
Terminal area® multisynaptic and Axo- Axo- Axo-

Group (um?) index Spherical Pleomorphic pleomorphic dendritic somatic axonic
Control 0.966 = 0.092 1.38 £0.04 870x69 13.0+69 6.7+39 98.2+ 1.2 14+14 05=+0.04
Acute deafferentation

(3-6 d p.o.) 4 0776 = 0.058* 1.14 £ 0.02*> 885+43 11.5+43 4303 978+ 08 20x1.2 0606
Chronic deafferentation

(3-15 mo. p.o.) 4 0731 £ 0046 1.14 £ 0.02* 902+ 42 97+42 97+44 97.1 £ 1.7 28+ 1.7 1.0+04

Means + SEM are given.
= Mean cross-sectional area.
b Significantly different from control (p < 0.05).
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Figure 6. Composition of neuropil. Histograms summarizing data from
Clarke’s nucleus (for details see legend to Fig. 2). Note decreased area
occupied by axons and increased area occupied by glial cytoplasm in
deafferented groups. Area occupied by terminals shows slight decrease
in acute deafferented group.

nals were seen only rarely and unoccupied postsynaptic sites
were never seen. The few instances of dense terminal degen-
eration were restricted to terminals with spherical vesicles (Fig.
8). No degenerating axons or terminals were seen contralaterally.

In the acutely deafferented Clarke’s nucleus, the synaptic pop-
ulation differed from control Clarke’s nucleus in that the mean
size of the terminals and the percentage of terminals containing
spherical vesicles were both slightly decreased (Table 7). These
observations are consistent with a loss of the large terminals
containing spherical vesicles, as well as some smaller terminals
with spherical vesicles.

Chronic. The synaptic population in the chronically deaffer-
ented Clarke’s nucleus differed very little from control Clarke’s
nucleus. Both the mean size of terminals and the percentage of
terminals containing spherical vesicles returned to normal. No
changes were seen in other parameters (perimeter : area ratio,
length of postsynaptic density).

Estimate of terminal number in Clarke’s nucleus

Terminal number in Clarke’s nucleus was estimated in the same
way as in lamina II (Table 8). The total number of terminals
shows a slight decrease that is not statistically significant in the
acute period and returns to control levels in chronic survivors.
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Table 5. Cross-sectional area of Clarke’s nucleus

Nuclear area

Group n (em2 x 10%)
Control 7 179 £ 1.9
Acute deafferentation 4 17.8 £ 2.0
Chronic deafferentation 4 190 = 1.5

The fact that numbers of terminals are conserved indicates that

. synaptic terminals removed by rhizotomy are replaced and that

the postsynaptic cells do not remain denervated. The replace-
ment of terminals may not be completed during the 6 d acute
period since during this time both terminal number and the
percentage of terminals containing spherical vesicles were de-
creased. Synaptic replacement in Clarke’s nucleus may therefore
be somewhat delayed compared to the replacement of terminals
in lamina II. The replacement terminals appear to share mor-
phological (size, type of vesicle) characteristics with those that
were lost.

Discussion

Extent of synaptic replacement

Our results indicate that removal of a major input to the cat
spinal cord by dorsal rhizotomy elicits a replacement of lost
synaptic terminals (reactive reinnervation) that is virtually com-
plete. The increased density of intact projections (sprouting) we
have demonstrated with light-microscopic methods after the
same lesion (Goldberger and Murray, 1974, 1978, 1982; Tessler
et al., 1980, 1981, 1984) is thus associated with the formation
of new synaptic contacts. Replacement of synaptic terminals
studied with quantitative electron-microscopic methods has also
been observed in the hippocampus (reviewed in Cotman et al.,
1981; McWilliams and Lynch, 1984), septal nuclei (Field and
Raisman, 1983; Raisman, 1969), red nucleus (Murakami et al.,
1982; Tsukahara, 1978), and the interpeduncular nucleus (Mur-
ray et al., 1979); in some of these areas the recovery of synaptic
number has also been virtually complete (Field and Raisman,
1983; McWilliams and Lynch, 1984). Our results and the results
of other quantitative studies therefore indicate that reactive
reinnervation restores the preoperative extent of innervation
and also imply that the number of synaptic contacts is regulated
by the postsynaptic cell (Lewis and Cotman, 1980; Murray et
al., 1982).

Light-microscopic studies similar to those carried out in the

Table 4. Terminal number in lamina I1

Cross- Cross- Synaptic
sectional Area Total area sectional Total terminals contacts in
area of occupied occupied area of in cross section cross section
lamina II* by termi- by terminals terminalsc  of lamina Synaptic  of lamina II
Group n (um? x 104 nals® (%) (um? x 10%) (um?) (x10% index¢ (n x 10%
Control 9 19.2 14.5 2,75 £ 0.20 0.966 2.85 £ 0.30 1.38 4.07 £ 0.37
Acute deafferentation
(3-5d p.o.) 5 17.8 12.3 2.33 + 0.26 0.7764 3.02 £ 048 1.144 3.46 + 0.52
Chronic deafferentation
(3-15 mo. p.o.) 4 19.7 11.0¢ 2,18 + 0.23 0.731¢ 2,99 £0.29 1.144 3.39 + 0.304

Means or means + SEM are given.

¢ From Table 1.

# From Table 2.

< From Table 3.

4 Significantly different from control (p < 0.05).
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Figure 7. Electron micrographs from control Clarke’s nucleus. Calibration bar, 1 um. 4, Small terminal with spherical vesicles (S) and small
terminal with flattened vesicles (F) contacting postsynaptic structure. B, Large (“giant,” G) axon terminal containing spherical vesicles. Note presence

of several active zones.

cat have failed to provide evidence of sprouting in adult rat
spinal cord with either degeneration methods (Stelzner et al.,
1979) or transport methods (Rodin and Kruger, 1984; Rodin
et al., 1983). These negative results have been interpreted to
indicate not only that sprouting fails to occur in the adult rat
cord (Rodin and Kruger, 1984; Rodin et al., 1983; Wall, 1984),
but also that the evidence for sprouting in cat spinal cord is
erroneous. Since the question of spinal cord sprouting is im-
portant, the reasons for these disparate results in rat and cat
require consideration. Sprouting has been described in both rat
and cat brain (reviewed in Cotman et al., 1981), so there does
not appear to be a qualitative difference in the capability of the
cat and rat central neurons to sprout. The failure of dorsal roots
to sprout in the rat, however, does not preclude other systems,
i.e., interneurons and descending tracts, from doing so. If, as
we have suggested (Goldberger and Murray, 1978), there is a
hierarchical control of sprouting, then the hierarchical order

might be different in different species depending on the anatom-
ical organization of the spinal cord. Differences in the response
to partial deafferentation in the 2 species may reflect differences
in anatomical organization, e.g., differences in the organization
of dorsal root projections. Comparison of lumbar dorsal root
projections in rat (Rodin and Kruger, 1984; Rodin et al., 1983)
and cat (Goldberger and Murray, 1982) suggests that the ter-
minal field of adjacent dorsal roots in the cat may exhibit greater
overlap than in the rat. In the cat, dorsal roots maintain dense
projections to one part of the dorsal horn and project more
sparsely to other parts of the dorsal horn. The sparse projection
of one dorsal root overlaps with the dense projection of its
neighbor. This overlap appears to be less extensive in the rat,
in which the dorsal root projections seem to be more sharply
localized within the dorsal horn (Rodin and Kruger, 1984).
Physiological differences also exist. The response in rats to par-
tial rhizotomy includes an “immediate” change in receptive

Table 6. Composition of Clarke’s nucleus (% of area)

Myelinated Unmyelinated Degenerated Perikarya, Non-neuronal
Group axons axons axons Terminals dendrites structures
Control 251+ 1.3 24+09 0 9.8 +0.5 493 + 2.8 133 £ 1.5
Acute deafferentation
(3-6 d p.o.) 4 19.7 + 1.9 2.7+ 1.6 4.3 £ 1.1° 7.8 + 0.8 473+ 39 18.1 = 0.7°
Chronic deafferentation
(3-15 mo. p.o.) 4 21.7 + 1.6° 22+09 1.3 + 0.9 95+ 14 47.2 + 3.2 18.0 % 1.9«

Means + SEM are given.
« Significantly different from control (p < 0.05).
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field organization which is consistent with unmasking of latent
synapses (Dostrovsky et al., 1976). Comparable receptive field
changes are observed in the cat but develop over a much longer
period (Mendell et al., 1978). The longer time course for recep-
tive field change in the cat is consistent with a number of mech-
anisms, including sprouting. Although the mechanisms under-
lying these receptive field changes are not certain, the difference
in time course probably reflects differences in anatomical or-
ganization of dorsal root projections in rat and cat.

Time course of synaptic replacement of terminals

The observation that terminal number does not decrease in
lamina II after partial denervation suggests either that the re-
placement is almost instantaneous or that the denervation can-
not be detected with the methods used. The methods used to
estimate terminal number in the dorsal horn after dorsal rhi-
zotomy were identical to those used in studying the goldfish
optic tectum after optic nerve lesions (Murray and Edwards,
1982). In the goldfish a decrease in terminal number could be
detected due to the long time between denervation and resto-
ration of normal terminal number. The importance of those
results for the present study is that they demonstrate that both
the loss and recovery of synaptic complement can be detected
with these methods. Furthermore, the area fraction of the dorsal
root input to lamina II is at least equal to the area fraction
occupied by retinal terminals in the goldfish optic tectum. The
recovery of terminal number is, in both cases, virtually com-
plete. The spinal cord differs from the goldfish tectum in that a
fall in terminal number is not detected after complete lumbosa-
cral dorsal rhizotomy. Our conclusion therefore is that sprout-
ing, leading to reinnervation in the dorsal horn, is very rapid,
perhaps overlapping temporally with the period of degeneration
of primary afferent terminals.

In Clarke’s nucleus there was a slight decrease in terminal
number after deafferentation that was not significant. Our mea-
surements of terminals in the control nucleus indicate that “giant™
terminals that are believed to arise from the dorsal roots (Re-
thelyi, 1970; Saito, 1979; Tracey and Walmsley, 1984) do not
represent a distinct population of those terminals containing
spherical vesicles. It is not possible, therefore, to show a loss of
a specific population of terminals in Clarke’s nucleus as it is for
lamina II. If the dorsal root afferents contributed only a small
percentage of the total number of terminals in Clarke’s nucleus,
then the loss might not be detectable by our methods. This
possibility, however, seems unlikely; the density of the lum-
bosacral projections to Clarke’s nucleus, as seen in the light
microscope (“so dense as to defy minute analysis,” Sprague and
Ha, 1964) suggests that a substantial number of the terminals
in Clarke’s nucleus must be of dorsal root origin. The preser-
vation of terminal number after deafferentation is probably due,
in Clarke’s nucleus as in lamina II, to a rapid replacement of
dorsal root terminals by terminals containing spherical vesicles.

The time course of reactive reinnervation appears to vary
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Figure 8. Electron micrograph showing examples of a dense degen-
erating terminal in Clarke’s nucleus and a putative degenerating terminal
characterized by irregular and swollen vesicles. Four days postoperative,
Calibration bar, 1 um.

considerably. In the cerebellum (Chen and Hillman, 1982) and
lamina II, the reinnervation is extremely rapid, perhaps con-
temporaneous with degeneration. In hippocampus, reinnerva-
tion can be demonstrated after a 5 d latency (Lynch et al., 1982;
McWilliams and Lynch, 1979, 1983). In the septum, reinner-
vation begins within the first week after unilateral fimbrial lesions
but later after bilateral lesions (Field and Raisman, 1983). Many
months, however, are required before interneurons reinnervate
spinal motor neurons after spinal hemisection (Pullen and Sears,
1978, 1983). Finally, cholinergic and catecholaminergic projec-
tions in the hippocampus replace lesioned pathways by long-
distance growth over a time course of several months (Gage et
al., 1983); whether the hippocampal target cells remain dener-
vated during this time is unknown. A prolonged period of de-
nervation followed by reinnervation suggests interactions among
intact converging systems in which some specific characteristic

Table 7. Synaptic terminals in Clarke’s nucleus

Cross-sectional

area of terminal Vesical type (%) Postsynaptic structure (%)
Group (pum?) Spherical Pleomorphic Axodendritic Axosomatic Axoaxonic
Control 1.82 + 0.13 78.4 + 7.6 215+ 7.5 84.1 £ 6.4 15.0 + 6.1 25+20
Acute deafferentation
(3-6 d p.o.) 4 1.55 + 0.12= 65.6 = 8.5 344 + 8.5 89.8 + 8.1 8.8 £ 8.2 0
Chronic deafferentation
(3-15 mo. p.o.) 4 1.73 £ 0.20 72.7 + 8.7 273 + 43 899 £ 59 9.9 + 6.2 04 £0.5

Means + SEM are given.
= Significantly different from control (p < 0.05).
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Table 8. Terminal number in Clarke’s nucleus

Area of Cross-

Cross-sec- nucleus Total area sectional Total terminals

tional area  occupied  occupied area of in cross section

of nucleus® by termi- by terminals terminals® of nucleus
Group n (um? x 104) nals?® (%) (um? x 10%) (um?) (x10%)
Control 7 17.9 9.8 1.75 + 0.13 1.82 1.00 + 0.09
Acute deafferentation (3-6 d p.o.) 4 17.8 7.84 1.38 + 0.144 1.554 0.92 + 0.01
Chronic deafferentation (3-15 mo. p.o.) 4 19.0 9.5 1.78 £ 0.27 1.73 1.04 = 0.18

Means or means + SEM are given.

2 From Table 1.

® From Table 6.

¢ From Table 7.

4 Significantly different from control (p < 0.05).

of the successful system determines the outcome, as has been
shown in the regenerating goldfish visual system (Edwards and
Murray, 1985; Edwards et al., 1985; Murray and Edwards, 1982;
Murray et al., 1982). These different time courses emphasize
that more than one factor may play a role in the reinnervation
process and that the relative importance of these factors may
vary from one neuronal system to another.

Specificity of synaptic replacement
One type of interaction for which there is evidence from several
systems is a hierarchical regulation that determines which of
several available systems can form persistent sprouts (Cotman
et al., 1981; Field and Raisman, 1983; Goldberger and Murray,
1978). The basis of this regulation is uncertain. One hypothesis,
consistent with a hierarchical control and with maximal reten-
tion of specificity, attributes a competitive advantage to those
intact systems most closely resembling the lesioned axons
(“homotypic” sprouting). Similarity in neurotransmitter (or
modulator) contained by the lost axons and those that sprout
may be one such regulatory factor. In lamina II, it is unlikely
that the replacement terminals at L6 derive from dorsal root
axons, either from the contralateral side or from the remaining
thoracic roots. The replacement terminals therefore arise from
central neurons. We do know that the large terminals with spher-
ical vesicles are replaced by small terminals with spherical ves-
icles. Many large ““scalloped” or central terminals are of dorsal
root origin (Coimbra et al., 1974; Knyihar and Csillik, 1976;
Knyihar-Csillik and Csillik, 1981; Ralston, 1968; Ralston and
Ralston, 1979; Snyder, 1982); some contain substance P (SP)
(deLanerolle and Lamotte, 1983), as do some small terminals
(Hunt et al., 1980; deLanerolle and Lamotte, 1983; Pickel et
al., 1977). Tessler et al. (1980, 1981, 1984) concluded that the
SP lost after deafferentation is replaced by sprouting of SP-
containing interneurons. Some of the small profiles that replace
the large central terminals may be sprouted SP-containing in-
terneuronal terminals, and they could represent an instance of
homotypic sprouting. The replacement of SP is incomplete,
however (Tessler et al., 1984), and other sources of replacement
terminals may be anticipated. Preliminary light-microscopic
immunocytochemical evidence (Goldberger et al., 1985) indi-
cates that 5-HT-containing axons may provide an additional
source for replacement terminals in lamina II. Replacement of
lost innervation by serotonergic terminals would suggest het-
erotypic sprouting since 5-HT has not been identified in primary
afferents of the cat (as has been suggested for the rat; see Di
Carlo, 1983). The conclusions that we can draw from these
analyses, however, are at present limited by the nonquantitative
nature of immunocytochemical labeling methods at the elec-
tron-microscopic level.

Clarke’s nucleus has received less attention than lamina II,
but it appears to be organized more simply and with less con-

vergence of heterogeneous systems than the dorsal horn (Mann,
1973). As in lamina II, however, we cannot characterize the
replacement terminals aside from noting that they contain
spherical vesicles. The presence, in the chronically deafferented
Clarke’s nuclei, of large terminals suggests that one source of
the reinnervation may be the lowest remaining dorsal roots. The
decrease in terminal area observed acutely suggests that thoracic
dorsal root terminals in L3 Clarke’s nucleus are normally small
in number and/or size and are induced to increase in number
and size by the degeneration of other dorsal root afferents. The
extent to which the caudal thoracic dorsal roots normally project
to L3 may be quite small and not sufficient to account entirely
for the replacement of the dorsal root afferents removed by the
lesion. Alternatively, reinnervation by caudal thoracic roots could
represent a caudal extension of this innervation; for several
reasons (see Goldberger and Murray, 1978) this seems less likely.

Our evidence, while circumstantial and incomplete, is con-
sistent with homotypic reinnervation in both lamina II and
Clarke’s nucleus and some heterotypic sprouting in lamina II.
Lesion-induced sprouting is not always homotypic, i.e., is not
always associated with a strict conservation of neurochemical
specificity (Battisti et al., 1984; Crutcher and Davis, 1981; Gage
et al., 1983; Goldberger et al., 1985; Loy and Moore, 1977). In
fact, sprouting, since it represents a reorganization of the syn-
aptic pattern formed during development, may be considered
to violate the strictest laws of specificity.

Changes in postsynaptic structures afier deafferentation

Deafferentation might be expected to produce changes in the
partially denervated postsynaptic cells. A significant atrophy of
postsynaptic structures does occur in goldfish tectum after optic
nerve crush, and this effect is reversed when the regenerating
axons re-enter the tectum (Murray and Edwards, 1982). Per-
manent shrinkage and distortion of the dendritic branching pat-
terns have been demonstrated in Clarke’s neurons of cats deaf-
ferented as kittens but not when the same lesion was performed
in adults (Liu, 1954; Loewy, 1972; Smith, 1974). A persisting
transneuronally induced atrophy limited to distal dendrites has
also been described for Golgi-impregnated neurons in laminae
IV-VI following dorsal root section in adult cat (Brown et al.,
1979) and cavitation of the most distal dendrites occurred after
peripheral nerve lesion, although not after dorsal root lesion, in
the medullary dorsal horn of adult cat (Gobel, 1984). In contrast,
Mendell et al. (1986) described a modest hypertrophy of ventral
spinocervical cell dendrites after partial deafferentation; these
cells also developed an increased probability of responding to
thermal or noxious stimuli, which could be attributable to
sprouting or to denervation supersensitivity.

Our stereological analysis of postsynaptic structures does not
distinguish between distal and proximal dendrites and perikarya
but was nevertheless sensitive enough to detect a shrinkage of
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postsynaptic structures in fish. The absence of a statistically
significant change in area occupied by postsynaptic changes in
the cat material may indicate that those postsynaptic changes
that occur are quite specifically localized, perhaps to distal den-
drites, and thus quantitatively too limited to be detectable using
our methods. It is also possible that atrophic changes in the fish
developed because of the prolonged period of denervation, while
the rapid reinnervation in lamina II and Clarke’s nucleus pre-
vented the development of marked transneuronal atrophy.

Recovery of motor function after dorsal rhizotomy

It is interesting to compare the morphological sequellae of deaf-
ferentation with recovery of motor function after the same le-
sion. After lumbosacral dorsal rhizotomy (or ganglionectomy),
an initial paralysis is followed by a rapid (1 or 2 d) recovery of
gross, poorly controlled locomotion (Goldberger and Murray,
1974) as the spinal pattern generator for locomotion (Grillner,
1981, for review) emerges from the acute effects of denervation,
e.g., spinal shock. The recovery of accurate limb placement
during locomotion appears only at the end of the first week
(Goldberger, 1977). Quantitative aspects of the gait of the deaf-
ferented limb are different for free locomotion and for accurate
locomotion (Goldberger and Olivier, 1984), whereas the normal
cat hindlimb displays comparable kinematic patterns for both
free and accurate locomotion. The recovery of these 2 different
facets of motor function (free and accurate locomotion) may
thus be mediated by different pathways. Most of the recovery
takes place during the first postoperative week, the same period
during which most of the reinnervation takes place. The time
course for replacement in lamina II is extremely rapid; that in
Clarke’s nucleus may be somewhat more delayed. These differ-
ent time courses may be analogous to the different time courses
observed for recovery of motor functions. Synaptic replacement,
although virtually complete, does not result in a normal synaptic
complement since, in lamina II, large terminals with several
contacts are replaced by small ones making a single contact and
the source of the replaced input is not the normal one. The
movements recovered are also different from normal. We have
studied 2 spinal cord regions whose relationship to motor output
is indirect. This does not imply that the return of motor function
is mediated by synaptic replacement in these regions. Rather,
these are examples of compensatory processes that are likely to
contribute to the recovery.
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