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Introduction
In hisforeword to the English trandation of Ramony Cgja's

Histology of the Nervous System, W. Maxwell Cowan
ascribes Cajal's genius in understanding neuronal structure
and its functional consequence to his ability to "recognize
representative trees within a forest of neurons and
connections"' [18, p.vi]. Establishing the morphologica and
functional characteristics of individua neurons has indeed
been extremely valuable in our elucidation of the structure
and function of the nervous system, but something may be
lost in the study of theseindividual "trees’. For severa years,
wehave been studying the devel opment and adult plasticity of
dendritic morphology in small populations of spinal moto-
neuronsinrats, (Fig.l) visualized after retro-

Figure 1. Darkfield photomicrograph of a transverse section through the lumbar spinal cord of a male rat showing
retrogradely motoneuronsafter BHRPinjectioninto the bulbocavernosus muscle.
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Editor's
Column

Isitreally amost thelast of
summer? As | write this, it
is the day after Labor Day
and the swimming pools
have closed for the season
here in Kansas City.
Baseball is still being
played, but the Kansas City Royals are not doing well. The
Kansas City Chiefsfootball team isaquestion mark for the
impending season. Yes, it is amost the end of summer.
There are other signs of summer demise; the leaves are
showing some age, the sun does not seem to come up as
early, and the baby racoons in the racoon family that
frequentsour back deck, havea most grown up.

It has been abusy summer but | am not surel am really
ready for the start of the school year (but it has started),
conventions, talksand so forth. But they are here. On one of
our trips this summer, we went to Montreal. What a
beautiful city - so historical, so cosmopolitan. | really
enjoyed lunch at a sidewalk cafe in the old town, then a
wonderful dinnerinasmall, elegant restaurant. Delightful!
We look forward to seeing many of you at the Society for
Neuroscience meetings in Miami at the end of Octaber.
Please stop by the booth (see the back page for booth
numbers) to see the new items and to make sure a new
catal ogissent or pick oneupthere).

The article in this issue of the Carrier is a very
interesting and timely one. Dr. Sengelaub and his student
have given a great overview of their methods of studying
dendritic morphology. Not only is the topic interesting and
on theforefront of our field, but their insights are certain to
be of real help to many in the area, and come from a vast
amount of experience.

Pleasecomeby to seeusat the Society for Neuroscience
Meeting.

Michael M. Patter son, Ph.D.
Science Editor

Collegeof Osteopathic Medicine
The University of Health Sciences
2105 Independence Blvd.

Kansas City, MO 64124-2395
816-283-2308

FAX 816-283-2303

grade labeling. In this article we will outline our method for
studying three dimensional dendritic morphology in
populations of neurons, describing the process, pluses, and
pitfallsof thisapproach.

Why study populations?

Electrophysiological recording from single units
provides information about the bioelectrical behavior of
individual neurons, which may be more fully understood in
consideration of how ensembles of neurons process
information; indeed, the techniques and approaches for
simultaneousrecording from multiple neuronsareontherise
[16]. Anatomical study of neuronal morphology at a
population level can be equaly enlightening, potentially
providing information that could be obscured in the
examination of individual neurons. Assessing the
morphology of individual neurons, whether it be by classical
Golgi methods or contemporary intracellular labeling
techniques, hasbeen greatly aided by theadvent of computer-
based morphology systemsthat integrate microscopeimages
with video displays, and utilize sophisticated and powerful
analysis-data is still a difficult and/or time consuming
process. Asaresult, the number of neuronscollected from an
individual animal (often as few as one) or overal within a
study and analyzed is understandably small, and the
conclusions reached rely on the assumption that the chosen
neurons are representative of the populationsthey are drawn
from. However, variability in the population being assessed

or sampling biascan potentially weaken (or create) effects.
Individua neurons are in fact individuals, and as

individuals their functional and structural characteristics, as
well asplasticity inthosefeatures, can differ dramatically. To
illustrate this point, Figures 2 through 4 contain data drawn
from our and other'swork. Figure 2 showsthe distribution of
total dendritic lengths measured from Golgi impregnated
hippocampal neurons from aged (22 month old) male rats,
with or without supplemental testosterone treatment (n=30
neuronsper group) [20]. In malerats, testosteronelevel sat 22
months of age are significantly lower than those of young
adults, and treatment with testosterone clearly increases the
average lengths of CA1 pyramidal cell dendrites.
Additionally, there is both substantial variance in dendritic
length as well as considerable overlap in both groups,
indicating that individual neurons clearly show differential
responsesto normal or manipulated hormonelevels. Figure 3
shows the distribution of basilar dendritic lengths measured
from Golgi-impregnated frontal cortica neurons from
laminall-I1l inadult malerats, after either shamor
Continued on page 3, col.1
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Figure2. Individual variability in total dendritic lengths and responses to manipul ation measured from Jjplgi impregnated
hippocampal neuronsfrom aged (22 month old) malerats, with or without supplemental testosteronetreatment (n=30 neurons

per group). Datafrom[20],
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Figure3. Individual variability in basilar dendritic lengths
and responses to manipulation measured from Golgi
impregnated frontal cortical neurons from laminall-111 in
adult male rats, after either sham or excitotoxic lesions to
their basal forebrain (nbm; n=20 neurons per group). Data
from[21].
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Figure4. Individual variability intotal dendriticlengthsand
responses to manipulation measured from intracellularly
filled spinal motoneurons from intact adult male rats, or
castrated adults with or without testosterone replacement

(n=4-1l neuronsper group). Dataafter [19].
Continued on page 4, col 1
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excitotoxiclesionstotheir basal fore-brain (nucleusbasalis
magnocel lularis; n=20 neurons per group) [21]. The basal
forebrain is the primary source of cholinergic input to the
frontal cortex, and lesions of the nbm result in adeclinein
average dendritic length in lamina l1-111 cortical neurons.
Again, however, there is substantial variance in dendritic
length as well as considerable overlap in the groups,
indicating that individual neurons clearly show differential
responsesto cholinergic depletion. Finally, Figure 4 shows
the distribution of total dendritic lengths measured from
intracellularly filled spinal motoneurons from intact adult
male rats, or castrated adults with or without testosterone
replacement (n=4-11 neurons per group) [19]. As in the
previous examples, there is both substantial variance in
dendritic length as well as considerable overlap across the
groups, indicating that individual neurons clearly show
differential responses to normal or manipulated hormone
levels. In al the above cases, the observed differentia
responses suggest that individual neurons are not
necessarily representative of the populations they are
drawn from, and small samplesare especialy vulnerableto

the obvious consequences.
How neuronsare selected for individual morphological

analysis is another factor of maor importance, and
typically relies on a judgment by the investigator of
whether candidate neurons appear "well impregnated” [17]
or have dendrites filled "to their natural endings' [19].
Intracellular |abeling techniques often depend not only on
selecting neurons that are considered to be completely
filled but on limiting which neurons get filled initialy by
physiological criteriasuch asstable membrane potentialsor
spike heights above particular values [15]. Because these
selection criteria can be somewhat subjective or biased by
size or other arbitrary criteria, they further compound the
problem of inferring the general structure, function, and
plasticity of aclass of neurons from asample of individual
cells.

M ethods

In studying the morphology of dendrites from a
population of motoneurons within an animal, we have
relied on retrograde labeling techniques to uniquely
identify groups of motoneurons for subsequent analysis.
This has proved particularly useful in examining classes of
motoneurons that reside within nuclei containing mixed
populations, each with their own peripheral target and
unique structural/functional/plastic response natures. We
areespecially fond of horseradish per-oxidase conjugated

4

to choleratoxin B subunit (BHRP, List Biological, Campbell,
CA). Labeling populations of motoneurons with BHRP
solves the two potentially confounding problems mentioned
above; large numbers of motoneuronsarelabeled withineach
animal, limiting the degree to which individual neuronal
variability can influence the results, and there can be no

sel ection biasasto which motoneuronswill be analyzed.
Labeling with BHRP permits sensitive detection and

guantitative analysis of dendritic morphologies [10,3,9,2].
Injections of BHRP are usually made by simple pressure
injection (0.05-0.5 pi, 0.2% solution) into the target muscle
of choice, and because BHRP is not transported by primary
muscle afferents, the only labeling that results in the spinal
cord is retrograde labeling of the motoneurons and their
dendritic arbors. After an appropriate survival time (typically
48 hours) to alow optimal labeling of the motoneurons,
animals are deeply anesthetized and perfused intra-cardially
with saline followed by cold 1% para-formaldehyde/1.25%
glutaraldehyde. Spinal cords are removed, postfixed in the
same solution for five hours, then transferred to sucrose
phosphate buffer (10% wi/v) overnight for cryop-rotection.
Mixed groups of spinal cords are then embedded in gelatin
and frozen-sectioned transversely at 40 |jmintofour alternate
series; every sectioniscollected, with serial order maintained
within each series. For visualization of BHRP, the tissue is
immediately reacted using amodified tetramethyl benzidine
protocol (TMB)[14], mounted on gelatin-coated dides, and
counter-stained with thionin. Yoking groups together
through sectioning and histochemistry protects against
artifactual differences due to deviations in processing.
Furthermore, all materia is coded and each subsequent
analysisperformed by asingleobserver blind to thetreatment
groups.

The number and labeling density of BHRP-filled
motoneurons is assessed through the entire rostrocaudal
extent of the nucleus of interest for all animals. Counts of
labeled motoneurons in the nucleus of interest are made
under bright-field illumination, where somataand nuclei can
be visualized and cytoplasmic inclusion of BHRP reaction
product confirmed. Adequacy of BHRP transport is further
assessed by measuring the optical density of BHRP reaction
product in motoneuron somata using a video-based mor-
phometry system (JAVA, Jandel Scientific, San Rafael, CA),

at afinal magnification of 1350x.
For each animal, the morphology of labeled dendritesis

assessed in aternate sections 320 pm apart in asingle series

through the entire rostrocaudal extent of the nucleus of

interest. Dendritictracingisperformed under dark-field
Continued on page 5, col 1



illumination, which allowsfor enhanced detection of small-
caliber processes. BHRP-labeled fibers are traced in three
dimensions using a computer based morphometry system
(we currently use Neurolucida from MicroBrightField,
Inc.) to yield both composite illustrations of the arbor
(Figures 5 and 6) and measurements of individual fiber
lengths. All BHRP-labeled fibers are drawn regardless of
location, size, or contiguity with labeled cell bodies to
ensure a complete assessment of dendritic morphology
(final magnification, 250X). Additional measures of
dendritic morphology such as the number of branches or
process widths can also be easily obtained. Average
dendritic arbor per labeled motoneuron is estimated by
summing the measured dendritic lengths of the alternate
sections, multiplying by two, then dividing the total by the
number of labeled motoneuron somatain that series. This
measurereflectsonly afraction of theactual total dendritic

label present and hence does not attempt to assess the actual
total dendritic length of labeled motoneurons. However, it
has been shown to be a sensitive and reliable indicator of
changes in dendritic morphology in normal development
[3,5], after hormonal, surgical, or neu-rochemical
manipulation [2,10,12,6,7,8,9], and of morphological
differencesbetween motor nuclei [11,5].

The distribution, shape, and area of influence of the
population arbor can also assessed by quantifying both the
rostrocaudal and radial (me-diolateral and dorsoventral)
distribution of the labeled dendrites. Morphological analyses
using individual cellsdo not typically provide these kinds of
data, as this would require systematic mapping of the
population. The rostrocaudal extent of the dendritic arbor is
determined after defining the rostrocaudal center of the
motor nucle-

Figure 5. Computer-generated composite drawing of BHRP-label ed motoneuron somata and processes drawn at 320 urn
intervals through the entire rostrocauda extent of the spinal nucleus of the bulbocaver-nosus. Composite consists of
reconstructions from 10 sections but illustrates only one eighth of the actual dendritic labeling achieved. The gray matter
outline is taken from a single section in the middle of the rostrocaudal range of the label and serves only to orient the

reconstruction.

Continued on page 6, col. 1
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us and then recording the rostrocaudal distance spanned by
|abeled dendrites In the mediolateral/ dorsoventral planes,
thedistribution of dendritic material and themaximal radial
extent of the dendritic arbor can be measured using a set of
axesradially oriented around any structure of interest. We
typically divide the spinal cord into 24 bins of 15 degrees
each, and then measure all of the dendritic processes
contained within those bins, or the distance between some
reference point and the most distal BHRP-filled process.
These analyses have been useful in revealing several
interesting features of dendritic morphology, including
preferentia distribution to specific areas of the gray matter
or selective changes in that distribution. For example, we
often study a medially positioned population of
motoneurons, the spinal nucleus of the bulbocavernosus
(SNB; see Figs. 1,5,6). We found that the postnatal growth
of dendrites of SNB motoneurons is bi-phasic, initialy
growing exuberantly and then retracting to adult lengths
anddistribution[3]; the

retraction is most pronounced in areas where the dendritic
fields from the two halves of the SNB overlap across the
midline[4]. An earlier study [1] relying on Golgi labeling of
individual motoneurons failed to detect either of these
phenomena, most likely dueto the small samplesize (only 10
neurons per age) and the selection criteria used ("only
neurons with the most extensive dendritic fields in each
groupwereused", p. 78).

These measures are also useful in confirming completeness
of labeling to the most distal processesreconstruction of
intracellularly labeled motoneurons indicates that the
highest-order branches occur at the same distances from the
somata that we measure in our extent analyses. Because our
technique relies on transport of BHRP throughout the
targeted motoneurons, it is important to note that group
differences in transport could potentially confound any
result. Thisisan extremely important consideration, and one
to which we have been especiadly sensitive. We have
previoudly argued indetail that thedegree

Figure 6. The same composite drawing of BHRP-labeling as in Figure 5, rotated and exploded to view differences in
dendriticlabeling acrossthe popul ation through therostrocaudal axis.

Continued on page 7, col. 1



of dendritic labeling after a variety of hormonal
manipulations is comparable, and that differences in
dendritic morphology that arise between experimental
groups are not likely dueto transport artifacts[12,5,6]. For
example, previous studies have demonstrated that neither
axonal transport of BHRP[13], nor dendritic transport [12,
5] is affected by hormone levels. Retrograde labeling with
BHRP across a variety of manipulations produces similar
numbers of fibers filled, maxima fiber lengths, and
frequency distributions of fiber length. Similarly, dendritic
length and radial extent measuresare unaffected by surgical
manipulations. Moreover, we have never observed
differences in the number or labeling density of
motoneurons between groups. Overall, we are confident
that the degree of dendritic labeling seen acrossgroupsisin
fact comparable, and thus any differences observed reflect
true differencesin dendritic morphol ogy rather than simple

transport artifacts.
We believe that this multicellular level of analysis and

the resulting "cumulative morphology"” can be a powerful
tool for elucidating the structure of neuronal dendrites that
comprise a func-"»=rtienal population in the nervous
system. Because neurons in populations must work
together inthe expression of their joint function, we further
believe this method is an appropriate as well as sensitive
tool.
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