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Abstract

The significance of the p75 low-affinity neurotrophin receptor, for the maintenance and survival of DRG cells, was
studied in p75-deficient mice. Perikarya of the L5 DRG of 12-week-old p75 receptor-deficient mice and healthy Balb
C mice were compared using stereological techniques. Following systematic sampling, the optical fractionator and
the planar vertical rotator were used to estimate the number and mean volume of the cell bodies of the two
neuronal subpopulations. The loss of B-cells was 57% (P < 0.00001), numbers being 7300 (CV = 0.12) in controls and
3100 in p75 receptor-deficient mice (CV = 0.18). Also, A-cells showed a significant loss of 39% (P < 0.0001), numbers
being 2600 (CV = 0.12) in control mice and 1500 (CV = 0.16) in p75 receptor-deficient mice. The volume of A-cells
was reduced by 30% (P<0.01), from 24.700 um?® (CV = 0.17) perikarya in p75 knock-out mice to 15.100 pm?
(CV =0.17) in controls. B-cell volume did not change significantly. It is concluded that the p75 receptor plays a major
role in the survival of DRG cells. The predominant loss of small B-cells indicates that the effect of neurotrophins is

dependent upon the presence of the p75 low-affinity receptor.
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Introduction

Neurotrophins influence sensory neuron survival and
development. Nerve growth factor (NGF) (Levi Montal-
cini, 1987), brain-derived neurotrophic factor (BDNF)
(Barde et al. 1982; Leibrock et al. 1989), neurotrophin-
3 (NT-3) (Ernfors et al. 1990; Hohn et al. 1990; Jones &
Reichardt, 1990; Rosenthal etal. 1990) and neuro-
trophin 4/5 (NT-4/5) (Berkemeier et al. 1991; Hallbook
et al. 1991; Ip et al. 1992) are all present in mammals.
Survival of most DRG sensory neurons is dependent on
these factors (Goedert et al. 1984; Johnson et al. 1986;
Crowley et al. 1994; Farinas et al. 1994). It has been sug-
gested that each of the growth factors affect a distinct
set of embryonic neurons at different stages of devel-
opment (Buchman & Davies, 1993; Snider, 1994; Lewin
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& Barde, 1996). The effect of neurotrophins is mediated
by receptors, subdivided into two groups (Meakin &
Shooter, 1992; Dixon & McKinnon, 1994). The high-
affinity binding sites are the tyrosine kinase receptors
(trkA, -B, and -C) and the low-affinity receptor is a
transmembrane protein designated p75 (Chao et al.
1986; Radeke et al. 1987; Chao, 1994; Lee et al. 1994).
The p75 receptor is less specific than the trk binding
sites and interacts with all the known neurotrophic
factors (Squinto et al. 1991).

The retrograde axonal transport of BDNF and NT-4/5
is mediated by the p75 receptor (Curtis et al. 1995).
Lack of the p75 receptor results in functional deficits of
the peripheral nervous system (Bergmann et al. 1997).
Lack of the receptor has no effect on development
of neuronal populations of cranial sympathetic and
cranial sensory neurons (Lee et al. 1992), but it is well
known that DRGs are smaller and that peripheral
nerves are thinner. There are no studies on numbers of
DRG neurons in the p75-deficient mouse. There are two
abstracts indicating loss of peripheral sensory axons
(Diamond et al. 1995; Lee et al. 1995). Also, there is one
report on retrograde axonal transport of neuro-
trophins in DRG cells (Curtis et al. 1995). Physiological
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experiments accomplished by Bergmann et al. showed
significant elevation of thresholds to noxious mechan-
ical and to heat stimuli in p75 knock-out mice (personal
communication). The neurons mediating these func-
tions are the NGF-dependent, small dark-stained B-cells
of the DRGs (Mu et al. 1993). Moreover, some mech-
anoreceptive neurons whose survival is not regulated
by NGF are functionally impaired when the p75 recep-
tor is deficient (Koltzenburg etal. 1995; Lee etal.
1995). This suggests that the p75 receptor plays a role
for the A-cells of the DRG, as well.

This is the first study to report neuronal DRG
numbers in p75-deficient mice. The aim was to deter-
mine the influence of the p75 receptor on survival and
maintenance of A- and B-cells in the knock-out model
using assumption-free stereological techniques.

Materials and methods

Six 12-week-old p75 knock-out mice (M. Koltzenburg,
University of Wirzburg, Wirzburg, Germany) and
six age-matched healthy controls (Balb C mice) were
examined. Tissues were preserved by vascular perfusion
through the heart under deep anaesthesia with 4%
glutaraldehyde dissolved in phosphate buffer (0.08 m).

The lumbar spinal nerves and the fifth DRGs were
exposed. To ensure complete DRG sampling the right
ganglia were cut with short spinal nerve and dorsal
root segments. In one knock-out mouse and in two
controls the left DRG was used because the right one
was damaged during dissection. The ganglia were
embedded in 7% agar, dehydrated in graded concen-
trations of alcohol (1 hat70%, 1 h at 96%, 2 h at 99%),
infiltrated for 3 days and finally embedded in glycol-
methacrylate (Culzer GmbH, Technovit). To obtain
transverse sections ganglion alignment was main-
tained during the entire procedure of embedding,
dehydration and infiltration (Baddeley et al. 1986). The
entire ganglion was cut into 30-um-thick transverse
serial sections parallel to the longitudinal dorsal root
and spinal nerve axis. For the counting procedure
neurons were systematically and randomly sampled
and counted. Using a random starting point every third
section was sampled and stained with cresyl violet acetate.

The number of neurons was estimated using the
optical fractionator principle without need for estima-
tion of total DRG volume (West et al. 1991). Neurons
were counted within optical dissectors. For the practical
procedure a microscope computer set up (Olympus,

Denmark) was used. A video camera projected the
image from the microscope to a computer screen
where counting frames were superimposed (CAST
Grid®, Olympus Denmark, Albertslund, Denmark). A
microcator was attached to the microscope for meas-
urement of depth of the focal plane and a stepping
motor was applied for systematic random sampling of
counting fields. For the optical fractionator and the
vertical planar rotator measurements a 60x oil immer-
sion lens (NA =1.4, depth of focus approximately
0.5 pm) was used. The total magnification was 1755x.
The same observer (M.D.) evaluated all sections.

The number of neurons was estimated using 15-um-
high optical disectors (Gundersen, 1986; Braendgaard
et al. 1990). This implies that cells were sampled in
three-dimensional probes of known volume inside the
section (Gundersen, 1977). In practice cell counts had a
random starting point. Stepping systematically through
the section by moving the focal plane, the unique
counting points (largest nucleon) appearing within the
superimposed counting frame not touching the forbid-
den sides (Mayhew & Gundersen, 1996) were counted.
Approximately 100 A-cells and 100 B-cells were counted
per ganglion (Tandrup, 1993). To avoid overestimation
correct top and bottom definition of the profiles is
necessary (Gundersen, 1986). Cell counts were started
approximately 3 um below the surface of the sections
and the nucleus of each cell was used as counting unit.
The counting frame for A-cells had an area of 3770 um?
and for B-cells an area of 1630 um?. Cell counting and
volume estimation took approximately 4 h for each
ganglion.

Section thickness varies and staining and cutting
procedures can lead to small dimensional changes of
the sections. Therefore, actual section thickness was
measured at every sixth sampling step using a 100x oil
immersion lens.

Neurons were counted according to the optical frac-
tionator principle as a fraction of neurons without
need neither for estimation of DRG volume nor number
of counting frames (Mayhew, 1992). Numbers (N) were
obtained according to the formula:

N=3Q -3 (stepx-stepy)-t/a-h)

where 3Q is the total number of neurons counted in
the disectors multiplied by 3 as only every third section
was sampled. Step x and step y are the constant step
lengths in the x and y axis direction of the counting
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fields. tis the measured mean thickness of the sections,
a the area of the counting frame and h the height of
the disector.

The volume of every perikarya sampled within the
disectors was estimated by a combination of vertical
sections (Gunderson & Osterby, 1977; Baddeley et al.
1986) and the vertical planar rotator principle (Vedel
Jensen & Gundersen, 1993) to all cells sampled. In prin-
ciple, using the vertical planar rotator an area of cell
profile containing the unique counting point is rotated
around the vertical axis and thereby in three dimen-
sions estimates perikarya volume (equation 4.1 in Vedel
Jensen & Gundersen, 1993).

VN =T11- tZil2

t is one-third of the cell height along the vertical axis
through the largest nucleolus and /; the length of three
perpendicular lines intersected by the vertical axis and
the outer cell contours. In case two or more nucleoli of
similar size appeared, one was chosen at random. The
computer ran a program to measure and estimate
magnification and to calculate cell volume.

The neuronal subpopulations were characterised
at light microscopy as A-cells and B-cells according to
the criteria given by Andres (1961), Lieberman (1976),
Duce & Keen (1977) and Rambourg et al. (1983). During
the counting procedure it is possible to make multiple
optical sections through the thick section and study
the cytoplasm and the whole nucleus for classification.
The large light A-cells have a big, light nucleus with
one large intensively stained nucleolus located cen-
trally (personal observation) and well defined evenly
distributed cytoplasmic granules. Usually, the B-cells
are smaller, with more irregular shape, dark homo-
genous cytoplasm and a few nucleoli close to the
nuclear membrane. Unclassified cells were counted
separately and made up 3% in controls and 4% in
knock-out mice.

Unpaired and paired Student’s t-tests were used for
comparison of the two groups, the level of statistical
significance being 5%. The comparison of relative A-
and B-cell survival was analysed statistically using
logarithmic transformation of cell numbers.

Results

The neuronal subtypes and the nucleolar counting unit
were easily identified in both groups. There were no
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Table 1 Numbers of A- and B-cells and non-classified cells of
L5 dorsal root ganglia in each of six low-affinity p75 receptor
knock-out mice and in each of six Balb C control mice

A-cells B-cells Unclassified All
control
KO-I 1621 3995 228 5844
KO-II 1625 3051 255 4931
KO-l 1277 2727 139 4143
KO-V 1298 2526 175 3998
KO-V 1933 3560 230 5723
KO-VI 1530 2881 210 4621
Mean 1547 3123 206 4877
cv 0.16 0.18 0.21 0.16
p74-mice
BALB-I 2004 6724 339 9 068
BALB-II 2414 8602 341 11 357
BALB-III 2604 7446 312 10 362
BALB-IV 2716 7772 340 10 828
BALB-V 2724 5968 238 8930
BALB-VI 2899 7339 316 10 554
Mean 2560 7309 314 10 183
v 0.12 0.12 0.13 0.10

conspicuous pathological differences of DRG neurons
between p75 receptor-deficient mice and controls, but
neuronal cell bodies of the transgenic mice were less
heavily stained and had less distinct outer and inner
membranes. Also, their nuclei were stained more intens-
ively and the A-cells appeared smaller with signs of
cytolysis in a few cells, whereas B-cells appeared slightly
darker compared to controls. The number of non-
classified cells was not significant (P < 0.05).

The estimated number of neuronal DRG cells in
control and knock-out mice are presented in Table 1.
Total numbers per ganglion ranged from 8930 to 11 360
in controls (mean number 10.180; coefficient of varia-
tion (CV) 0.10) and from 4000 to 5940 in p75 transgenic
mice (4880; (0.16)). Expressed as a percentage the total
loss of DRG perikarya in p75 transgenic mice was 52%
(P <0.0001). The A-cell loss was 39% (P < 0.0001) and
the loss of B-cells 57% (P < 0.00001).

In Fig. 1 individual numbers of A- and B-cells in
knock-out mice were compared to the mean number
of the same cell type in controls and expressed as a
percentage. The figure shows that the B-cell loss is
more severe than the A-cell loss in all six transgenic
mice (P < 0.002), or that A-cell survival is better.

Table 2 shows a 30% reduction of A-cell mean peri-
karya volume in p75 receptor knock-out mice, while
the B-cell reduction was insignificant.
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Fig. 1 Individual and interconnected survival of A- and B-cells
in p75 receptor-deficient mice expressed relative to the mean
control value, showing a preferential B-cell loss.

Table 2 Volume (um?3) of A-, B- and non-classified neuronal
cells of L5 dorsal root ganglia in each of six low-affinity
p75 receptor knock-out mice and in each of six Balb C
control mice

A-cells B-cells Unclassified All
control
KO-I 16 415 3541 8 088 7739
KO-II 15232 3193 8269 7404
KO-l 11 456 2663 8415 5913
KO-V 19 960 2773 10 110 8289
KO-V 13 486 3897 9284 8166
KO-VI 13 801 3892 9061 8183
Mean 15 058 3327 8871 7549
v 0.19 0.16 0.09 0.12
P75 mice
BALB-I 19 272 3769 9128 70 484
BALB-II 17 998 3001 8305 6188
BALB-III 23758 5486 5973 10 669
BALB-IV 23482 3681 9903 8516
BALB-V 27 673 4593 11870 11204
BALB-VI 19993 4401 8 845 9107
Mean 22 020 4155 10 576 13 458
v 0.16 0.21 0.15 0.22
Discussion

In mice information about number and volume of
lumbar dorsal root ganglia cells is sparse. However,
Lawson (1979) estimated that the neuronal population
was approximately 6000 neurons in the L3 DRG using
nucleoli for profile counts.

Sommer et al. (1985) characterised neuronal subtypes
in mice DRG with a combination of ultrastructural and
cytochemical techniques allowing identification of A-,
B- and C-cells. The relative proportion of A-cells was
36%, of B-cells 63% and C-cells 1%. This is in acceptable
accordance with our findings made at the light micro-
scopic level where 25% were A-cells, 71% were B-cells
and 3% non-identified cells.

Behavioural and electrophysiological deficits in p75
receptor-deficient mice were reported by Bergmann
et al. (1997). Noxious and thermal thresholds, functions
known to be NGF dependent, were elevated. Unmyelin-
ated fibres predominantly conduct pain and thermal
sensations and originate from small dark staining B-
cells (Lawson et al. 1985; Tandrup, 1995). Most of the
myelinated fibres are known to originate from large
light non-NGF-dependent A-cells. Our findings of a
predominant B-cell loss strengthen the presumption
that p75 is an important receptor for NGF. However, the
loss and shrinkage of the remaining A-cells is remark-
able. Whether the A-cells are smaller in general or only
the largest A-cells are lost cannot be determined from
our study. For clarification further subtyping is neces-
sary including histoimmunochemical staining and elec-
tron microscopy. An interesting possibility is that large
DRG cells coexpressing trkA and -C receptors are espe-
cially dependent on the p75 receptor (Mu et al. 1993;
Kashiba et al. 1995). In fact there is evidence that p75
is important for the development of NGF-dependent
and NGF-independent sensory neurons (Curtis et al. 1995;
Lee et al. 1992), supporting the observations made by
Lee et al. (1995) that p75 receptor-deficient mice show
behavioural deficits due to loss of mechano receptors.

In p75 knock-out mice a preliminary study by
Diamond et al. (1995) reports loss of almost 40% of
large and small myelinated sensory nerve fibres and a
60% loss of unmyelinated nerve fibres. These preliminary
nerve fibre counts match our results quite well regard-
ing the assumption that unmyelinated fibres arise from
the small B-cells and the myelinated fibres from the
large A-cells.

Expression of all trk receptors in rat dorsal root
ganglia occurs at embryonic day 13, approximately 24—
48 h after DRG neurogenesis begins (Mu et al. 1993).
From embryonic day 15 to postnatal day 1 trk expres-
sions remain stable. At postnatal day 1 46% of DRG
neurons express trkA, 5% express trkB and 10% express
trkC receptors. Carroll et al. (1992) and Mu et al. (1993)
observed that trkB- and trkC-expressing neurons
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predominantly are located at the periphery of the DRG
while trkA-expressing neuron clusters are distributed
at a diffuse pattern. At postnatal day 21 trkA cells
mostly are small neurons, trkB-expressing neurons are
of intermediate size, whereas large neurons mostly
express trkC. Kashiba et al. (1995) presented a study
with numerical data very close to those by Mu et al. In
both studies it was observed that every neuron express-
ing trk receptors coexpresses the low-affinity receptor
p75. Also, 15% of the neurons express trkA as well
as trkC.

Embryos deprived of NGF due to autoimmunity or to
passive transfer of antibodies have a loss of 70-80% of
DRG neurons (Johnson et al. 1980; Goedert et al. 1984;
Carroll et al. 1992; Ruit et al. 1992). NT3 knock-out mice
have a loss of 78% of DRG neurons, despite the fact
that fewer neurons express the trkC receptor (Kashiba
et al. 1995; Mu et al. 1993). Furthermore, neurotrophin
knock-outs provide more severe deficits than animals
lacking neurotrophin receptors (Klein et al. 1993;
Farinas et al. 1994). These observations indicate that a
majority of neurons require more than one neuro-
trophin during embryogenesis for binding to the
primary as well as to the additional receptors (Crowley
et al. 1994; Klein et al. 1993; Jones et al. 1994).

The p75 receptor has an equal affinity to all of the
neurotrophic factors known in mammals (Rodriguez
Tebar et al. 1990; Rodriguez Tebar et al. 1992). Further-
more, every DRG neuron expressing a trk receptor
coexpresses the low-affinity receptor (Kashiba et al.
1995). Nonetheless, the low-affinity receptor can dis-
criminate ligands and selectively modulate the biolog-
ical actions of the more specific neurotrophins (Ryden
et al. 1995). Several studies strengthen the concept
that the p75 receptor interacts with NGF in DRGs where
it plays an accessory rather than a direct role in medi-
ating the function of NGF (Meakin et al. 1992; Barbacid,
1993; Valmier et al. 1993).

In-vitro studies have shown that NGF regulates the
dimensions of sensory neurons (Yasuda et al. 1990).
The modest volume changes of B-cells in p75 receptor
knock-out mice observed in the present study might
support the hypothesis that NGF regulates the dimen-
sions of DRG cells. However, it is an unexpected finding
that number and volume of A-cells are reduced. In
conclusion, our findings support the hypothesis that the
low-affinity p75 receptor is predominant in small NGF-
dependent B-cell neurons of the dorsal root ganglion,
and its role for the A-cells attracts attention.
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