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Twenty-five physiologically identified spinocervical tract (SCT)
neurons in the sixth lumbar segment of the cat were filled with
HRP by intracellular injection. All were reconstructed from sag-
ittal sections using the camera lucida, and a subset (7 = 18) was
also reconstructed using a computer reconstruction system.
Thirteen cells were in intact preparations, nine were in spared
root preparations (LS, L6, S1, S2 cut; L7 spared), and three
were in preparations with L5 through S2 cut. Analysis of the
dendritic tree of these neurons revealed little change in gross
morphology after partial deafferentation despite increased pro-
portions sensitive to nociceptive input (Sedivec et al., 1983). The
dendrites still largely respected the lamina II-III border, and
relatively few dendrites were directed ventrally from the cell
body, although the ratio of ventral to dorsal dendrites was great-
er than normal. The major change was an increase in surface
area and volume caused by changes in diameter (but not length)
of the dendrites. Larger-than-usual maximum branch order of
individual dendritic trees of some cells was also observed after
chronic deafferentation. Thus, SCT cells in deafferented seg-
ments do not undergo atrophy, but show, rather, limited signs
of growth and the possibility of dendritic reorganization. We
have also computed correlations between different parameters
of these cells (cell body size, number and size of primary den-
drites, total area and length of individual dendrites) and have
found that, as in motoneurons, diameter of the primary dendrite
measured 30 um from the soma is significantly correlated with
total dendritic surface area and length. SCT neurons tend to
have more dendrites than spinal alpha-motoneurons, but total
surface area is smaller for a given diameter of a proximal den-
drite.

Recently, we analyzed the physiological changes that occur after
partial deafferentation of the spinal dorsal horn and found a
reorganization of the submodality of cutaneous inputs to spi-
nocervical tract cells (SCT). This population of large dorsal horn
cells is located mainly in Rexed’s (1952) lamina IIT and IV of
the cat spinal cord (Brown et al., 1977a). We showed that, after
partial deafferentation, an increased proportion of SCT cells lost
their response to high-threshold input initially, but retained their
response to low-threshold stimulation. Approximately 6 weeks
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after deafferentation, a significantly greater proportion of cells
began to respond to high-threshold input (Sedivec et al., 1983).

There are a number of possible reasons for the occurrence of
such changes. (1) Since the submodalities that are undergoing
change are mediated mainly by small-diameter fibers (Beitel
and Dubner, 1976; Bessou and Perl, 1969; Burgess and Perl,
1967; Perl, 1968), a change in the afferent projection of these
fine fibers may cause the observed change in modality input.
(2) There may be a functional or morphological change in the
intraspinal circuitry. (3) A change in the dendritic morphology
of SCT cells may contribute to the observed modality reorgan-
ization. In this paper we focus on the most accessible of the
possible changes, namely, SCT cell dendritic reorganization.
Such a study is partly motivated by previous findings in diverse
systems that suggested various types of dendritic reorganization
following deafferentation (see Discussion). In the dorsal horn,
dorsal rhizotomy in adults has been reported to cause either
substantial dendritic atrophy (Brown et al., 1979) or no change
(Brown et al., 1983). Brown et al.’s (1979) study was carried out
using the Golgi method, which provides an incomplete view of
cells whose identity (e.g., spinocervical, postsynaptic dorsal col-
umn, etc.) is unknown. The later study was performed using
reconstructions of identified SCT neurons injected with HRP,
but the analysis was limited to gross measurements of mor-
phology of the dendritic tree. While this approach ensures a
more uniform population for study, it should be kept in mind
that SCT cells may not be representative of all types of dorsal
horn cells.

The present study has also made use of identified SCT cells
filled with HRP. However, we have extended previous findings
by applying computer reconstruction to obtain a more quanti-
tative evaluation of these cells in intact and partially deaffer-
ented preparations. Despite considerable variability in the di-
mensions of these cells in normal cords, we have demonstrated
that certain measures of cell size undergo an increase in the
partially deafferented dorsal horn. A preliminary account of this
work has been published (Sedivec et al., 1982).

Materials and Methods

Injection of SCT cells

The SCT cells analyzed in this morphological study were obtained dur-
ing an electrophysiological study (Sedivec et al., 1983). In the acute
experiments, adult cats (1.5-4.0 kg) of either sex, either normal or
partially deafferented (see below), were anesthetized with alpha-chlora-
lose (80 mg/kg) administered intraperitoneally. The animal’s arterial
pressure, end-tidal CO,, and temperature were continuously monitored
and maintained within normal limits (Sedivec et al., 1983). At the time
of the intracellular recording and iontophoretic HRP injection, the an-
imal was paralyzed with gallamine triethiodide (Flaxedil) and respirated
through a tracheal cannula with positive pressure. While the animal was
paralyzed, the depth of anesthesia was judged by monitoring blood
pressure and pupillary constriction. The Flaxedil was allowed to wear
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off periodically to ensure anesthesia, which was supplemented as nec-
essary through an intravenous cannula.

The microelectrodes used for recording and iontophoresis of HRP
were broken micropipettes filled with Tris-buffered 0.5 m KCl solution
(pH 7.3) containing approximately 10% HRP (Sigma Type VI) and
measuring 10-25 MQ. SCT cells were identified by their response to an
antidromic search stimulus, according to the criteria of Brown and Franz
(1969) and Sedivec et al. (1983). Once an SCT cell was identified, its
cutaneous receptive field was identified and modality input determined
(see Sedivec et al., 1983). In most instances, this identification process
was based on extracellular recording. The electrode was then deliberately
manipulated (sometimes moved to another track) to increase the am-
plitude of the action potential (verifying the maintenance of the same
unit by receptive field and antidromic latency analysis) evoked by an-
tidromic electrical stimulation until a DC resting potential of at least
30 mV was obtained. Intracellular penetration was also verified by the
presence of EPSP activity during stimulation of the cell‘s cutaneous
receptive field. On penetration, positive current (4-20 x 10~ A) was
passed through the electrode by 5 msec pulses (equal on and off duration)
at a rate of 100/sec for a total of 1-10 min.

Histological procedures

Two to nine hours after iontophoretic current passage, the animal was
perfused, using a pressure system, via the carotid arterial cannula in-
serted earlier to monitor blood pressure. The chest was opened and the
right atrium cut to allow evacuation of the perfusate. The initial per-
fusion fluid was 1 liter of 0.9% NacCl solution containing 0.2% heparin
and 0.1% xylocaine at 37°C. This was followed by 4 liters of a 4°C solution
of 0.5% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.3). The animal was then perfused with 1 liter of buffered
20% sucrose (0.1 m phosphate buffer, pH 7.3). The L6 segment was
removed from the animal and placed in buffered 30% sucrose until it
sank. Parasagittal serial sections of the entire segment were cut on a
freezing microtome at 80-100 um and collected in 0.1 m phosphate
buffer (pH 7.3). The sections were reacted for HRP for 30 min at room
temperature in a solution of 0.05% diaminobenzidine tetrahydrochlo-
ride (Sigma grade II) and 1.0% H,O, in 0.05 M Tris-HCI buffer, pH 7.6.
The sections were washed in three changes of 0.1 M phosphate buffer,
pH 7.3, for 10 min each and mounted conventionally. The sections
were initially analyzed without counterstaining, and later, selected sec-
tions were counterstained with cresyl violet. Cytoarchitectonic borders
were identified with dark-field microscopy, using cresyl violet sections
(Fig. 1) (Rexed, 1952, 1954).

Of the SCT cells filled with HRP in this study, 25 neurons were
sufficiently well stained to permit full reconstruction of their dendritic
trees. The tissue was cut in the sagittal plane, which allows for a more
complete analysis of the structure of the dendritic tree (Brown et al.,
1977a). At the light-microscopic level, all 25 neurons appeared to be
sufficiently stained. The more distal small dendrites were clearly visible,
with most of the dendrites either tapering smoothly to a natural ending
or ending in a small enlargement. The small dendritic spines, when
present, appeared to be adequately filled.

Analysis of filled neurons

The filled cells were analyzed in several ways. Initially, detailed camera
lucida reconstructions of the entire neuron (4-8 sections) in the sagittal
plane were made, using a Leitz drawing tube and 40 x objective. Using
a computer-based data tablet, the total dendritic length of each neuron
was determined. The dimensions of the neurons drawn with the camera
lucida were not corrected for shrinkage or unwanted refraction (Glaser,
1982; and see below).

A much more detailed analysis was made of a subset of the stained
cells with the use of a computerized neuron reconstruction system,
located at the University of North Carolina, Chapel Hill, Department
of Physiology (see Capowski and Sedivec, 1981, for a detailed descrip-
tion). In brief, the dendritic tree was entered into the computer as
Cartesian coordinates by tracing the length of each dendritic process
with a microscope equipped with stepping motors that were attached
to the X, y stage and focus axis. At predetermined points along the
dendritic process (usually at 6 um intervals and at any anatomical fea-
ture), the computer captured the x, y, z coordinates, the dendritic thick-
ness, and an indicator marking the type of point (branch, spine, swelling,
etc.). When the tracing of each dendritic tree piece was completed, a
list of points was stored in the computer, comprising a mathematical
model of that piece of tree. Because dendritic trees usually extend through
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Figure 2. Graph showing the successful merging via the computer
reconstruction system. The x-axis represents the total number of den-
dritic fragments of each cell entered into the computer before merging;
the y-axis represents the number of dendritic fragments that could be
merged. The diagonal line represents 100% merging success. All den-
dritic fragments were used to compute length and diameter values.
Major bias introduced by failure to merge would be in branching order
determinations (see text). O, L5, L6, S1, S2 cut; L7 spared. @, Intact.

several tissue sections, it was necessary to trace some dendrites in several
pieces, a piece from each section. After all of the dendritic tree pieces
in each of the tissue sections had been digitized and stored, the computer
merged the cut ends of the dendrite in one section to their attachments
in the next section, producing a three-dimensional mathematical model
of all the intact dendrites in each cell. The problems of tissue shrinkage
(histological processing) and unwanted refraction (Capowski and Se-
divec, 1981; Glaser, 1982), which are additive and may vary in the
range of 30-50%, have been corrected for. A description of the problems
associated with computer reconstruction can be found in Capowski
(1985). The overall merging success rate was on the whole quite high
in most cells (Fig. 2). The analysis of the branching order is the only
parameter analyzed in this study that may have been influenced by the
success of merging. If the merging success was below 85% (3 of 25 cells),
the cells were not included in the branch point analysis. For the other
analyses, we used all of the fragments, whether or not merging was
possible.

Evaluation of differences between intact and deafferented preparations
was carried out using parametric (¢ test) and nonparametric (Mann-
Whitney U) statistics. Similar conclusions were reached from both types
of tests; thus the results of parametric evaluations only are presented.
Analysis of variance and regression analysis were performed as indicated
in the text.

Results

Location of sampled cells

The present sample of 25 SCT cells recorded from the L6 seg-
ment was made up of the following; 13 cells from intact animals,
nine cells from animals with L5, L6, S1, and S2 dorsal roots
cut ipsilaterally (sparing L7), and three cells from animals with
ipsilateral L5-S2 dorsal root lesions (see Sedivec et al., 1983,
for a complete description of the sterile surgical techniques).
Figure 3 shows the position of these cell bodies on a standard
transverse section of the spinal cord. This was determined from
sagittal sections by assessing position relative to the medial,
lateral, and dorsal borders of the dorsal horn. The cell bodies
of the 25 SCT cells were located exclusively in lamina III and
IV of Rexed (1954). The location of this sample of SCT cells in
the dorsal horn is similar to that of those studied by Brown et
al. (1976, 1977a, 1980, 1983).
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Figure 3. Location of 25 intracellu-
larly stained SCT cells in intact (@; n =
13), partially deafferented (O, L35, L6,
S1, and S2 cut, L7 spared; n =9) and
completely deafferented (@, L5, L6, L7,
S1, S2 cut; n = 3) cats. The position of
each cell body has been placed on a
standard transverse section of the dor-
sal horn according to its relative dor-
soventral and mediolateral position. All
cells were in the L6 segment. Roman
numerals represent Rexed’s laminae.
The number next to each cell body lo-
cation identifies the cell, some of whose
parameters can be found in Table 1.

General cellular features of SCT cells from intact

preparations

In agreement with the work of Brown et al. (1977a, 1983), we
found SCT cells in intact preparations to be large neurons whose
predominant dendritic orientation is rostrocaudal (Fig. 4). All
cells had prominent, dorsally directed dendrites that, in coun-
terstained sections, could be seen regularly to reach as far as the
lamina II-III boundary. The dendrites of many cells (11/13)
extended into inner lamina II, but only rarely (2/11) as far as
outer lamina II. Only two of 13 celis had significant dendritic
area located ventrally from the cell body, although five of the
remaining cells had one or two short dendrites coursing ventrally
from the cell body. The cells’ processes mediolaterally were
relatively limited, as was evidenced by our finding that they
were generally contained within three to four 100 um sagittal
sections, and never more than in eight such sections. A more
graphic view of this can be obtained from (computer) rotations
of the cell from the sagittal into the horizontal plane (Fig. 4B).
In Figure 4, it can be seen clearly that the mediolateral extent
of the cell was highly limited. These views provide a clear rep-
resentation of the columnar orientation of SCT cells. This ori-

entation was maintained after all the deafferentation procedures
carried out in these experiments.

Correlation of cell depth and physiology of SCT cells in

intact and partially deafferented preparations

Spinocervical tract cells have been shown to receive afferent
input from peripheral receptors in the skin (Brown and Franz,
1969; Brown et al., 1976, 1977a; Sedivec et al., 1983). These
cells, sampled in intact preparations, generally respond either
to non-noxious stimuli only or to noxious as well as non-noxious
stimulation (Brown and Franz, 1969; Mendell, 1966; Sedivec
etal., 1983). Eight of the 13 SCT cells filled in intact preparations
responded to non-noxious stimulation only: hair movement (six
cells), moderate pressure only (one cell), or both modalities (one
cell). Five units responded to noxious pinch in combination
with hair movement and moderate pressure (four cells) or with
hair movement only (one cell). In the chronically partially deaf-
ferented cord, virtually all cells (eight of nine) could be activated
by noxious as well as non-noxious stimulation. This subset of
filled cells in intact and in chronically deafferented preparations
was thus representative of the much larger group of SCT cells

A_SAGITTAL VIEW

Figure 4. Computer plot of the recon-
struction of a SCT cell displayed in (4)
the sagittal plane, and the same cell ro-
tated approximately 90° and displayed
(B) in the horizontal plane. Note that
the dendrites have a columnar organi-
zation with very little spread in the me-
diolateral direction. The dendrites are
drawn with their thickness shown. Note
the dendritic spines and occasional
swellings along the course of the pro-
Cesses.
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Figure 5. Camera lucida and computer reconstruction of two SCT cells
from intact (/eft) and partially deafferented (right) spinal cord. At left
is a cell from an intact preparation with the camera lucida reconstruction
and computer reconstruction. Note the similarity in gross morphology
of the two reconstructions. At right is a similar presentation of a cell
from a partially deafferented preparation.

that were studied with extracellular recording, with respect to
the modality of their input (Sedivec et al., 1983).

In intact preparations we found a marked tendency for SCT
cells in lamina III to be responsive to non-noxious stimulation
only (five of the six cells filled; only cell 32 responded to noxious
stimulation). In lamina IV, only three of seven cells responded
to non-noxious stimulation alone, while the remaining four (cells
1, 18, 31, and 43) also responded to noxious stimulation. After
partial deafferentation, all but one of the nine cells (cell 45)
responded to noxious (and non-noxious) stimulation, even
though four were located in lamina III.

Morphological analysis of SCT cells in intact and in
partially deafferented preparations

Computer and camera lucida reconstructions were carried out
by different individuals, using different microscopes; thus it was
important to verify that the reconstructions obtained by both
procedures were equivalent. The results obtained for two cells
are shown in Figure 5; it can be seen that the general features
of the cell are similar in both reconstructions. A more quanti-
tative comparison emerges from consideration of total dendritic
length, which ranged from 13,444 to 36,179 um in the 25 SCT
cells analyzed with camera lucida reconstruction (Table 1) and
from 20,247 to 53,428 um in the 18 SCT units analyzed with
computer reconstruction (Table 1). In the 18 cells analyzed using
both reconstruction methods, it can be seen that the total den-
dritic length obtained by computer reconstruction was, on the
average, 25% larger than that obtained by camera lucida recon-
struction (Fig. 6; Table 1). A major factor underlying this dif-
ference is that camera lucida drawing represents a projection
onto the sagittal plane, whereas the three-dimensional computer
reconstruction provides a true length without projection, and
also with correction for shrinkage, wrinkling, and unwanted
refraction (Capowski, 1985; Capowski and Sedivec, 1981).

Dendritic projections

We examined the possibility that SCT cells responding to nox-
ious pinch might extend their dorsal dendrites into outer lamina
II and into lamina I, which have been shown to receive A-delta
and C fiber input (Light and Perl, 1979a, b). Two cells (one
responding to hair movement only and the other responding to
hair, pressure, and noxious pinch) had dendritic extensions into
lamina I and outer lamina II. The dendrites of the 11 remaining
cells extended only as far as inner lamina IT (9 cells) and lamina
III (2 cells). Four of these still responded to noxious pinch. The
ability of SCT cells to respond to noxious input is not correlated
with the extent of their dorsal dendritic projections. In addition,
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Figure 6. Comparison of total dendritic length obtained with camera
lucida reconstruction technique and computer reconstruction method.
Note that the total dendritic length of each cell, as measured with the
computer, is consistently larger than the total dendritic length as mea-
sured using the camera lucida. The diagonal line represents equality of
total dendritic length measured in both reconstructions. O, L5, L6, S1,
S2 cut; L7 spared. @, Intact.

no association was seen between the cell’s ability to respond to
noxious stimulation and the extent of the ventral projection,
which might have been expected on the basis of the known
termination of A-delta high-threshold mechanoreceptors in
lamina V (Light and Perl, 1979a).

All but one of the nine SCT cells sampled after chronic partial
deafferentation responded to noxious input. If the increase in
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Figure 7. Graphs showing (4) the mean diameter and (B) mean den-
dritic length of cells from the intact (# = 11) and partially deafferented
(n = 7) spinal cord. Note that the mean lengths are essentially the same
at all distances from the soma, whereas the mean diameter is increased
at virtually all radial distances from the cell body after deafferentation.
The ordinate represents the mean value of the parameter (length or
diameter) contained within a 10 um shell whose radius is represented
by the abscissa. » » =, L5, L6, S1, S2 cut; L7 spared.—, Intact.
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Table 1. Properties of filled neurons
Total Ratio of Ratio of
dendritic Total ventral caudal to
length dendritic Weighted to dorsal rostral
(um x 1000) length No. of Highest mean dendritic dendritic
(camera (um x 1000) branch points branch order diameter (um) length length

Cell no. lucida) (computer) (computer) (computer) (computer) (computer) (computer)

Intact preparation

8 28 38 - - 0.94 0.1 1.4
32 33 46 402 18 1.56 0.06 14
13 28 33 290 15 1.39 0.5 0.8
9 22 28 170 15 1.20 0.06 1.7

31 27 - - - - - -

12 13 20 191 15 1.26 0.05 0.9

43 30 40 431 17 1.66 04 1.1

30 27 29 - - 0.52 0.07 0.5

44 24 — — — - — —

11 17 20 169 13 0.95 0.0 1.2

25 30 41 465 21 1.57 0.07 1.3

18 30 34 334 17 1.08 0.03 0.8

26 29 51 - — 1.05 0.5 04

Mean + SEM 26.0 £ 1.5 345 £ 3.0 307 £ 43 16.8 + 0.75 1.20 £ 0.11 0.16 = 0.06 1.05 £ 0.12

“Partially” deafferented preparation (LS5, L6, S1, S2 cut; L7 spared)

59 26 31 248 14 1.83 0.4 1.3

60 32 36 194 13 1.22 0.4 2.0

36 15 - - — — - -

27-4 36 53 423 19 1.37 0.0 1.9

54 27 35 378 25 2.49 1.4 1.1

27-3 31 - - - - — -

55-1 31 43 435 24 1.79 0.25 0.8

45 22 37 475 25 1.47 0.04 1.0

55-2 18 22 175 16 1.01 0.0 0.7

Mean + SEM 26.5 £ 2.0 36.5 + 3.7 333 + 47 194 + 2.2 1.60 £ 0.25 0.36 + 0.19 1.25 £ 0.19

“Completely” deafferented preparation (LS, L6, L7, S1, S2 cut)

71 30

51 33

70 25

Mean = SEM 29.0 £ 2.5

the proportion of units responding to noxious stimulation is due
to a change in dendritic projection, one might expect the den-
drites of these eight cells to reach lamina I and outer lamina II
or lamina V. None of the eight cells sent dendrites into the most
superficial layers. They reached only inner lamina I (four cells)
or lamina III (four cells). However, our initial analysis suggested
that some cells in spared root preparations might have unusually
profuse ventral dendrites.

These issues were studied more carefully in 18 cells, using
computer reconstruction. We calculated the length of all den-
dritic processes in each 30° sector around the cell body, in sagittal
sections. Because these were projections onto the sagittal plane,
each sector really represented the volume of a wedge subtended
at the soma by a 30°angle in the sagittal plane and extending
indefinitely in the mediolateral direction. We then computed
the proportion of dendritic length (as a fraction of total dendritic
length) in the two sectors on either side of the dorsal projection
axis from the cell body; similarly for ventral, caudal, and rostral
projections. As would be expected from the general picture in
Figures 1, 4, and 5, we found that, for intact cells (n = 11), there
was in general considerably more dendritic length extending

dorsally from the cell than ventrally, but that caudal and rostral
dendritic lengths, on the average, were about equal (Table 1).
After chronic deafferentation, we observed increased ratios of
ventral/dorsal and caudal/rostral dendritic length. Neither of
these changes was found to be significant, using parametric (p >
0.30 and 0.35, respectively) or nonparametric statistics. The
combination of these changes suggests that dendritic reorgani-
zation may occur to favor regions that maintain their input over
regions that have lost theirs. In this case, the major loss would
be from hair afferent fibers (Brown and Franz, 1969) entering
in the L6 root and terminating primarily in lamina IIT (Brown
et al., 1977b) dorsal to the SCT cell body; the portion of the
dendritic tree with relatively enhanced input would be ventral
(because of the loss of dorsal input from afferent fibers) and
caudal (because L7 survives).

Dendritic length and dendritic diameter

The number of primary dendrites emanating from the cell body
showed considerable variation from cell to cell, ranging from
10 to 25 in intact preparations and from 13 to 20 after partial
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deafferentation. No change was observed in the mean number
of primary dendrites under the two experimental conditions
[17 £ 2 (SEM) for intact versus 16 + 1 for deafferented;
p > 0.5].

Using computer reconstruction, we computed the mean total
dendritic length (i.e., averaged over all cells in each treatment
group) in shells of 10 um thickness at a radius r from the soma
(as in a Sholl diagram). In Figure 7B, this mean length is rep-
resented on the ordinate and plotted against r (on the abscissa).
This polar representation implicitly assumes spherical sym-
metry, which clearly is not the most appropriate choice for cells
of this shape. However, it requires only a single variable (r),
and is thus relatively simple.

With regard to dendritic length, it can be seen that the max-
imum incremental length is located at an average radial distance
of about 200 um from the cell body. At small radial distances,
all dendrites are represented, and as they begin to branch with
increasing distance from the soma, the mean total length in each
shell increases. At greater distances from the soma, fewer and
fewer dendrites contribute to dendritic length because they ter-
minate; this explains the decrease in total length with increasing
radial distance. Thus, the results in Figure 7B should not be
interpreted as indicating that maximum incremental length oc-
curs 200 um from the cell body for all dendrites.

Mean diameter was weighted according to the length of pro-
cess observed at each of the » values of diameter (i.e., d,.., =

2 d, x [,/3 1), and plotted as a function of radial distance
i=1 i=1

(Fig. 74). It is largest for dendrites close to the soma, falling off
monotonically with increasing distance as the dendrites branch.
The fact that dorsally and ventrally directed dendrites terminate
at shorter radial distances than do rostrally and caudally directed
ones may influence the rate of attenuation of mean dendritic
diameter with increasing radial distance.

An analysis of the mean dendritic length at given radial dis-
tances from the soma showed that the SCT cells in the intact
(n = 11) and partially deafferented (n = 7) segments were vir-
tually indistinguishable (Fig. 7B). Even the three SCT cells in
preparations subject to more complete deafferentation (L5
through S2 cut) showed no evidence of change in dendritic length
(Table 1, p > 0.3), although no computer reconstruction was
undertaken on these neurons. In contrast, after partial deaffer-
entation the mean diameter was found to be consistently ele-
vated compared to normal at all radial distances from the soma,
with the exception of the greatest distances, i.e., between 0.9
and 1.0 mm (Fig. 74). In accordance with this, the average mean
dendritic diameter (calculated over all dendrites for each cell)
was found to be smaller in intact cords (1.20 = 0.11 um SEM,;
n = 11) than in partially deafferented cords (1.60 + 0.20 um
SEM; n = 7; p < 0.06). The three cells with the largest mean
dendritic diameter were from deafferented preparations, and the
three smallest cells were from intact preparations (Table 1).
These findings support the view that the increases in diameter,
although small, were not the result of a single unusual cell in
one of the groups.

By treating the dendritic tree as a series of cylinders whose
diameters could vary at each observation point (see Methods),
it was possible to derive the total surface area and total volume
of each dendritic tree of each cell. This involved measuring the
length (/) and diameter (d) of each segment and calculating its
surface area (wdl) and volume (wd%4![), after which the total
surface area and volume could be obtained by summation. Mean
surface area of dendritic trees was larger for partially deaffer-
ented cells than for cells in intact preparations (18 + 2 x 10*
um? (SEM) versus 12 = 2 x 10* um? p < 0.05). Furthermore,
in Figure 8 it can be seen that the mean surface area and volume
of dendritic processes measured at different radial distances from
the soma were consistently larger in partially deafferented neu-
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Figure 8. Graphs showing (4) the mean surface area and (B) volume
vs radial distance from the cell body in intact (—; » = 11) and partially
deafferented (+ « »; n = 7) spinal cord. See legend of Figure 7 and text
for more details. Note that the cells from the partially deafferented spinal
cord had a greater mean surface area and mean volume at all radial
distances than those in the intact preparations. These differences are
attributed to the increase in dendritic diameter.

rons. Our measurements of length and diameter suggest that
increases in the latter cause the elevation of surface area and
volume,

To control for differences in the number of dendritic trees of
SCT cells, which would influence determination of whole cell
parameters, we compared mean length, surface area, and vol-
ume per dendritic tree for each neuron across treatment con-
ditions (i.e., intact, partially deafferented). We used a nested
analysis of variance design (i.e., cells in intact and deafferented
preparations, dendrites on each cell) to evalulate these data. We
found a nonsignificant increase in mean dendritic length
(1.66 = 0.22 to 2.19 = 0.22 um; p > 0.1), but significant in-
creases in mean surface area (7.16 = 1.24 um?/1000 to 11.64 +
1.20 um?/1000; p < 0.02) and mean volume (5.04 + 0.51
wm3/1000 to 9.54 + 1.02 um3/1000; p < 0.01) per dendritic
tree. We interpret these changes in surface area and volume as
resulting primarily from increased diameter than length of the
dendritic processes.

Analysis of branch points

Individual dendrites were seen to branch profusely as they
coursed away from the soma. In intact preparations, the mean
number of branch points per cell, using only those cells with
good merging success (Fig. 3) was 307 + 43 (Table 1). Consid-
eration of branching order of each dendrite emerging from the
cell body revealed a mean maximum branch order for dendrites
of cells in intact preparations of 16.8 (+0.8; n = 11; Table 1),
with a range from 13 to 21. In partially deafferented preparations
(n = T7), the mean number of branch points (333 + 47; Table
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because their surface areas exceeded any found in the present study and could not be placed on this graph.

1) was only marginally higher than in intact preparations (p >
0.6). The mean maximum branching order for individual den-
drites of cells in partially deafferented preparations was 19.4
(+2.2; n = 7; Table 1), with a range from 13 to 25. Three cells
in partially deafferented preparations exhibited dendrites with
unusually large amounts of branching compared to normal
(branch orders of 24, 25, and 25). They did not have unusually
long dendrites, but two of these cells (54, 55-1) were at the upper
end of the spectrum of mean dendritic diameter (Table 1).

Comparison of dendritic parameters of SCT cells and
alpha-motoneurons

In recent years, it has become apparent that to better understand
the integrative properties of vertebrate central neurons, it is
necessary to know more about the morphology of their den-
drites. The spread of synaptic currents within the dendrites and
across the soma membrane is influenced by the geometrical
structure of the dendritic tree. Quantitative studies of dendritic
morphology have also provided a basis for the development of
mathematical cable models, which have aided in the under-
standing of dendritic integrative properties (see review by Rall,
1977). The cell type whose dendritic morphology has been most
frequently studied is the cat spinal alpha-motoneuron stained
with HRP (Ulfhake and Kellerth, 1981; Zwaagstra and Kernell,
1981). A similar analysis was conducted on the 11 SCT cells
from intact spinal cords (Figs. 9 and 10) to determine if anal-

ogous correlations were present. If this were the case, it might
suggest some general principles of cell and dendritic organiza-
tion, at least for these large cells.

Cell bodies and first-order dendrites

In the 11 SCT cells from intact preparations analyzed with the
aid of the computer, the average value for mean cell body di-
ameter, d = (c/w), where cis circumference, was 57.5 um (+2.39
SEM), with a range of 46-70 um. The size of these somata was
similar to those studied by Brown and colleagues (Brown, 1981,
p. 90). The mean number of first-order dendrites orginating from
the cell body was 16.7 (1.5 SEM; range, 10-25; n = 184),
which is somewhat larger than for alpha-motoneurons (range,
8-15). The diameter of the first-order dendrites measured 30
pm away from the cell body—as measured in alpha-motoneu-
rons by Ulfhake and Kellerth (1981)—ranged from 0.3 to 15.5
wum, with a mean value of 4.03 (+ 0.22 um; n = 184). No
correlation was obtained between the soma diameter and the
mean diameter of the first-order dendrites (r = 0.38; p > 0.01;
n = 11) (Fig. 94). There was, however, a significant positive
correlation (r = 0.75; p < 0.01; n = 11) between the diameter
of the cell body and the number of first-order dendrites (Fig.
9B). SCT neurons seem to differ from alpha-motoneurons in
these respects, since in the latter there was a significant corre-
lation between cell body diameter and the mean diameter of
first-order dendrites but none between cell body diameter and
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the number of first-order dendrites (Ulfhake and Kellerth, 1981;
Zwaagstra and Kernell, 1981).

Dendritic dimensions

In agreement with the findings in alpha-motoneurons (Ulfhake
and Kellerth, 1984), a positive correlation was obtained when
relating the diameter of the first-order dendrite to the total den-
dritic length (Fig. 9C; r=0.69; p < 0.01). A positive correlation
was also obtained when relating the diameter of the first-order
dendrite to the dendritic surface area (Fig. 9D; p = 0.76; p <
0.01), as in alpha-motoneurons (Ulfhake and Kellerth, 1982,
1984). Similar relationships were found after chronic dorsal
rhizotomy (not illustrated).

Dendritic tapering

The diameter of the proximal and distal ends of each dendritic
segment (portion of dendrite between two branch points) was
measured and the ratio (distal diameter/proximal diameter) cal-
culated. The ratios for all dendritic segments in all dendrites for
each cell were then plotted against the radial distances of these
segments from the soma. A ratio of less than 1 would indicate
that that particular segment was tapering. A typical SCT cell
(cell 43) is represented in Figure 104. Some segments in this
cell showed an increase in diameter (ratio > 1) rather than a
decrease; on the average, however, only a small amount of taper
was observed.

Diameter changes at branch points

In several theoretical studies where the dendritic trees of moto-
neurons have been reduced to equivalent cylinders (for reviews,
see Rall, 1977; Redman, 1976), one underlying assumption has

been that the ratio > (d)*? / D32 where D is the diameter of a
=1

dendrite segment, and d corresponds to the diameter of each of
its n daughter branches, equals 1.0. In this study, we analyzed
1929 dendritic branching points from 10 SCT cells in intact
spinal cords (located both proximally and distally in the den-
dritic tree) with respect to this ratio and obtained a mean value
of 1.23 £ 0.01. This value is slightly, although significantly,
greater than 1 (p < 0.001); SCT cells differ from motoneurons

in this regard, since the latter exhibit values of 2, (d)*? / D32
i=1
which are less than 1 (Ulfhake and Kellerth, 1981, 1984). In
Figure 10B, the mean ratio >. (d,)*? / D¥? was calculated for the
i=1

1929 branch points as a function of their radial distances from
the cell body. This ratio was increased in the more distal regions
of the dendritic trees. Here, there was a greater degree of scatter,
which probably resulted from the difficulty of measuring the
diameters of the smallest distal dendrites.

Discussion

Computer reconstruction of SCT neurons has proved to be a
relatively time-consuming task, preventing analysis of large
numbers of cells. As a result of the small sample size, statistical
tests have little power to detect small differences; thus, we may
have underestimated the extent of changes occurring after chronic
deafferentation. The advantage of this reconstruction method
is that, once the cells have been “‘stored” in the computer, anal-
yses can be undertaken with relative ease, permitting exhaustive
determination of cell parameters (Figs. 9 and 10) and accurate
comparisons between various populations of neurons (Figs. 7
and 8). These methods do not eliminate the problems inherent
in quantitative analysis at LM level, particularly the limits of
optical resolution: In these experiments, they were of the order
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Figure 10. A, Relationship between the ratio (distal diameter/proxi-
mal diameter) for all dendritic segments for SCT cell 43 and the radial
distance of these segments from the cell body. This cell represents a
typical SCT neuron. Note that many segments show an increase in
diameter (ratio 1). B, Graph illustrating the mean values for the ratio

2 (dy” / D32, where D is the diameter of a dendritic segment and d
=1

corresponds to the diameter of each of its daughter branches, for 1929
branch points (10 cells) in 10-um-thick shells located increasing dis-
tances away from the cell body. Note that this ratio was consistently
the same for most branch points from the SCT cells analyzed, except
for the more distal regions of the dendritic trees.

of 0.3 um. Measurement of dendritic diameter is particularly
influenced by these considerations: The fact that differences
between intact and deafferented preparations were observed at
all distances from the cell body (Fig. 74) indicates that this
conclusion was not unduly influenced by optical resolution—a
problem for the smallest processes located furthest from the
soma (i.e., beyond 300 um from the soma).

Our results in SCT cells indicate certain correlations between
soma size and dendritic properties (Fig. 9), which differ from
those reported for alpha-motoneurons (Ulfhake and Kellerth,
1981). However, our measurements of somal diameter rely on
assumptions of shape that may introduce inaccuracies (see
Ulfhake, 1984, for discussion); therefore, these differences should
be regarded as tentative. On the other hand, the diameter of the
proximal dendrite measured 30 um from the soma is of some
predictive value for estimating total dendritic process length,
surface area, and volume, as in alpha-motoneurons. Although
both cell types exhibit relationships between dendritic surface
area and proximal dendritic diameter, the motoneurons studied
by Ulfhake and Kellerth (1981) exhibit a larger dendritic surface
area for a given proximal dendrite diameter than do SCT cells
(Fig. 9D). This more than “compensates” for the smaller num-
ber of primary dendrites emanating from motoneuron cell bod-
ies, since motoneurons are typically larger than SCT cells: 23—
64 x 10* pm? for motoneurons (Ulfhake and Kellerth, 1984)
versus 11-26 x 104 um? for SCT cells in the present material
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(both measurements include soma surface area). The “3/2 rule”
appears to be satisfied, particularly at proximal branch points
of SCT cells, as with motoneurons, and there can be moderate
tapering in the SCT cell dendrites, as in motoneurons (Barrett
and Crill, 1974; Zwaagstra and Kernell, 1981). Given these
properties, the SCT cell would seem to be a reasonable candidate
for application of the Rall cable model.

The morphological analysis of SCT cells suggests that the
projection of dendrites into the most superficial layers of the
dorsal horn (outer lamina IT and I), which is a major termination
site of nociceptive afferents (Light and Perl, 1979a, b), is not
required in order for these cells to exhibit a response to noxious
stimulation (see also Ritz and Greenspan, 1985). This suggests
that some additional factor must be responsible for the respon-
siveness to noxious input of these cells in the intact preparation
and, after chronic partial deafferentation, i.e., the spared root
preparations, for the increased probability of responsiveness to
these inputs. One factor may be that A-delta mechanical no-
ciceptors can project directly to lamina V (Light and Perl, 1979b).
Contact between these afferent fibers and SCT cells might be-
come more likely if the ventral dendritic projections (Table 1)
and/or axonal terminals of the afferent fibers were more profuse.
Furthermore, it is now known that cells of lamina II project into
lamina V (Light and Kavookjian, 1984); some component of
this multisynaptic pathway might undergo adjustment after par-
tial deafferentation.

Previous investigators have examined the morphology of dor-
sal horn neurons after similar conditions of chronic deafferen-
tation. Brown and his colleagues (1979) reported that neurons
in the L7 segment undergo severe atrophy of their dendritic tree
when the L7 dorsal root is cut 3-224 d previously. Their studies
were undertaken on unidentified, Golgi-stained neurons in the
dorsal horn using a single 250 um transverse section containing
the cell body. Thus, their findings cannot be compared to the
present ones because they studied a different sample of neurons,
with different inputs, used a wider range of postoperative times,
and—perhaps most important—employed different staining
procedures. It is quite clear that intracellular HRP reveals much
more of the cell’s dendritic processes than Golgi methods (Brown,
1981), and because only one cell is stained, identification of
processes belonging to a given cell is not prone to error due to
interdigitation of processes from different neurons. Further-
more, it seems likely that the HRP method gives more equiv-
alent results in the intact and deafferented cord than does the
Golgi method, which depends in an as-yet-unknown manner on
cell surface properties that may be altered by the rhizotomy
(Lynch and Gall, 1979; Lynch et al., 1975). In fact, our results
correspond more closely to those of A. G. Brown and colleagues
(1983), who also demonstrated relatively few changes in iden-
tified SCT cells following partial deafferentation. Those exper-
iments, carried out with the intracellular HRP method, sug-
gested a very modest expansion of the dendritic tree into the
superficial layers of the dorsal horn, whereas in ours, the change
in dorsally directed dendrites, if any, was in the opposite direc-
tion. Brown et al. (1983) did not describe an enhanced ventral
dendritic projection into lamina V, as our results suggested. We
consider these differences to be small, given the sampling prob-
lem, perhaps due, in part, to the additional analytic precision
possible in using the computer. Our detailed reconstructions
also suggest that the total length of the dendritic processes was
unchanged in the spared root preparation (L5, L6, S1, S2 cut;
L7 spared), or even when all the dorsal roots supplying the
lumbar enlargement (L5-S2) were cut. Rather, the dendrites
may be redistributed with no change in total dendritic length.

Of potentially greater significance is our finding, again derived
from computer reconstruction of HRP-filled neurons, that den-
drites in the partially deafferented cord can display some signs
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of enlargement. Individual dendrites of several cells exhibited
a higher branching order than the maximum observed in intact
preparations. Furthermore, cells in these preparations had great-
er mean dendritic diameter than any of the neurons in the intact
preparation (Table 1). Mean surface area and volume of indi-
vidual dendritic trees were significantly greater after chronic
partial deafferentation. Although these findings will require ad-
ditional verification, they indicate that not all the changes fol-
lowing deafferentation are atrophic, as has been claimed in other
systems (Benes et al., 1977; Brown et al., 1979; Chen and Hill-
man, 1982; Jones and Thomas, 1962; Mouran-Mathieu and
Colonnier, 1969; Rubel et al., 1981; Smith, 1974; Sugimoto and
Gobel, 1984). Perhaps it would be more profitable to think in
terms of dendritic reorganization following partial deafferen-
tation, which would consist of both retraction and expansion of
different portions of the dendritic tree, e.g., a loss of dendrites
in the denervated region, followed by expansion in the non-
denervated region. Such a conclusion was reached recently by
Céceres and Steward (1983) in describing the dendritic tree of
dentate granule cells following partial deafferentation. Reorgan-
ization of motoneuron dendrites following deafferentation by
dorsal horn “mince™ has been reported (Bernstein and Standler,
1983). Dendritic expansion might be a special case of sprouting,
which has been described for axons that survive in a partially
deafferented region (Cotman et al., 1981). In complex cells, the
changes might be restricted to dendrites with a particular ori-
entation and/or input (Brown et al., 1979; Rosenthal and Cruce,
1984). It is in this context that the increase in dendritic diameter,
surface area, volume, and branch order, as well as in the shift
toward relatively more ventral than dorsal and caudal than ros-
tral dendrites after deafferentation, might be viewed. It must
also be noted that our experiments were all carried out on cells
that had been deafferented for 70-218 d. This may account for
our failure to find any evidence for dendritic atrophy, which
might be more pronounced at earlier or later times.

One of the major uncertainties in studies of this type is the
degree of denervation to which the postsynaptic SCT cells have
been subject. It is well known that these cells derive an important
monosynaptic input from large cutaneous afferent fibers, par-
ticularly hair afferent fibers (Brown and Noble, 1982). Thus,
cells in the L6 segment undoubtedly receive monosynaptic input
from afferents entering in L7, given the widespread rostral—
caudal projection of individual hair afferent fibers (Brown et al.,
1977b). More difficult to assess is the degree to which these cells
receive input from other neurons, from both intrinsic local con-
nections and long-ranging ascending and descending fibers (Wall
and Werman, 1976). Such connections may “protect” these
neurons from the effects of dorsal rhizotomy; other cells, which
undergo more drastic reorganization after deafferentation, may
be dominated to a greater extent by the interfered-with input.
These factors may contribute to some of the variability in our
results.

In evaluating these results, we agree with Brown et al. (1983)
that the changes after partial deafferentation are very modest
when consideration is restricted to qualitative descriptions of
dendritic orientation. Despite the similarity in mean total den-
dritic length and average numbers of primary dendrites for these
two populations of SCT cells, the dendritic trees of SCT cells
are much too variable for results from such a small sample to
be conclusive. However, the use of computer reconstruction has
revealed quantitative changes in dendritic diameter and maxi-
mum branch order that may be more reliable. Every dendrite
of each cell has been completely reconstructed and analyzed;
changes in diameter would have to be widespread in order to
emerge from the analysis. It may be important, then, that the
three cells with the highest proportion of ventrally directed den-
drites had much larger mean dendritic diameters, and two of
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these had higher branching orders than any of the eight cells in
intact preparations. Such differences are highly suggestive of
dendritic alterations for at least some of these SCT neurons. We
would further argue that this reorganization could contribute to
the increased probability of such cells’ responding to nociceptive
inputs, the major result obtained in physiological experiments
on these preparations and in this subset of neurons when ana-
lyzed morphologically. However, it seems inevitable that other
inputs must also contribute to these results of altered modality
convergence; thus, it seems necessary to expand these investi-
gations to the cells of the superficial layers, which are likely to
mediate transmission from small-diameter primary afferents to
SCT cells (Light and Kavookjian, 1984).
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