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The red-eared turtle is an important animal model for investigating the neural activity in the spinal circuit that generates motor behavior.
However, basic anatomical features, including the number of neurons in the spinal segments involved, are unknown. In the present study,
we estimate the total number of neurons in segment D9 of the spinal cord in the red-eared turtle (Trachemys scripta elegans) using
stereological cell counting methods. In transverse spinal cord sections stained with modified Giemsa, motoneurons (MNs), interneurons
(INs), and non-neuronal cells were distinguished according to location and morphology. Each cell type was then counted separately using
an optical disector with the cell nucleus as counting item. The number of cells in segment D9 was as follows (mean ⫾ SE): MNs, 2049 ⫾
74; INs, 16,135 ⫾ 316; non-neuronal cells, 47,504 ⫾ 478 (n ⫽ 6). These results provide the first estimate of the total number of neurons in
a spinal segment in a terrestrial vertebrate based on unbiased stereological methods and an upper bound on the number of neurons
involved in segmental sensorimotor activity. These findings also form a crucial quantitative foundation for integrating electrophysiological data into mathematical circuit models.

Introduction
Animal behavior is orchestrated by functional neural networks in
the CNS. The network of neurons that generates a particular
behavior can often be accurately delineated and studied in detail
in small nervous systems, as exemplified by the network for
rhythms in decapod crustaceans (Marder and Bucher, 2007) and
the network for crawling and swimming in the leech (Briggman
and Kristan, 2006). In contrast, most vertebrate behaviors are
generated by large-scale networks of millions of neurons often
distributed in several CNS regions. These networks are ill-defined
and their overall functional mechanisms hard to study. In this
respect, scratching in limbed vertebrates is an exception because
the entire sensorimotor transduction is executed by a network of
neurons confined to a few spinal segments without the need of
other parts of the CNS (Gelfand et al., 1988; Stein, 2005). Scratching has been studied in detail in the cat (Orlovsky et al., 1999) and
the turtle in vivo (Robertson and Stein, 1988; Currie and Gonsalves, 1999; Berkowitz, 2001, 2002, 2005; Stein, 2005; Samara
and Currie, 2008) but crucially, the spinal cord of the adult turtle
is also uniquely amenable to experimentation in vitro (Keifer and
Stein, 1983; Hounsgaard and Nicholson, 1990; Currie and Lee,
1996; Alaburda and Hounsgaard, 2003). In vitro experiments
provide data of sufficient detail to make mathematical analysis of
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cell properties and synaptic network activity meaningful (Booth
et al., 1997; Svirskis et al., 2000, 2001; Svirskis and Hounsgaard,
2003; Berg et al., 2008). However, quantitative understanding of
how minimal mechanosensory stimulation gives rise to complex
goal-directed behavior does not emerge from the properties and
activity of individual cells in the network alone. Data on network
structure is also needed, including specification of cell classes and
connectivity. Early anatomical work in the turtle included morphology and organization of hindlimb motoneurons (Ruigrok
and Crowe, 1984; Ruigrok et al., 1984, 1985). Insight in the anatomy of the scratch network was provided by studies of the propriospinal projection patterns within the lumbar enlargement
(Berkowitz, 2004) and from rostral segments serving the scratch
receptive fields (Currie and Stein, 1990; Berkowitz and Stein,
1994). A recent study initiated attempts to quantify the intersegmental projections in the hindlimb enlargement (Nissen et al.,
2008). The number of neurons in D9 with intersegmental projections was estimated to be five times higher than the number of
motoneurons in the segment. However, the study did not reveal
the number of interneurons in D9 with intrasegmental projections only. This is an important number because it provides an
upper bound on the number of neurons in the scratch network
and a first indication of the relative weight of segmental and
intersegmental connections in the lumbar enlargement. For these
reasons, we now use stereological quantification to estimate the
number of neurons in segment D9 of the lumbar enlargement in
the spinal cord of the adult turtle. For comparison we also estimate the number of motoneurons.

Materials and Methods
Animals. Adult red-eared turtles (Trachemys scripta elegans, n ⫽ 6; gender not determined) of 12–16 cm carapace length and a weight of 250 –
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Figure 1. Schematic drawing of the D7 to S2 segments of a turtle spinal cord. Schematic
drawing showing the lower turtle spinal cord including the lumbar enlargement; segment D8 to
S2. The spinal cord was sectioned from root D8 throughout root D10 and sections identified as
belonging to either an interval between roots or within roots. Sections from interval A (between
root D8 and D9) were divided into two groups, a rostral group belonging to segment D8 and a
caudal group belonging to segment D9. This procedure was also applied for the sections in
interval C (between roots D9 and D10). All sections belonging to the D8 or D10 roots as well as
those belonging to the rostral D8 and caudal D10 part were left out. Counting was done in
sections from interval D (light gray), including sections with roots belonging to D9 (interval B),
the caudal part of interval A, and rostral part of interval C.
300 g were anesthetized by intravenous injection of propofol (30 g/kg)
and killed by decapitation (Smith and Perrier, 2006). All blood was removed from the body by perfusion of Ringer solution through the heart
[Ringer solution contained the following (in mM): 20 NaCl, 5 KCl, 15
NaHCO3, 20 MgCl2, 3 CaCl2, and 20 glucose; saturated with 98% O2 and
2% CO2 to obtain pH 7.6]. The procedure complied with Danish and
European legislation on the use of research animals and was approved by
the controlling body under the Danish Ministry of Justice. After decapitation, the lumbar part of the spinal cord from segment D6 or D7 to S1
was dissected out of the vertebral column, stripped of pia and dura mater,
immersion-fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4), and
stored in the fixative at room temperature for at least 24 h.
Sectioning and staining. Spinal segments D8 –D10 were isolated and
placed in paraffin. Sections were made on a microtome (Leica Model SM
2400) at a setting of 40 m and every second section was mounted on
CromAlun-coated glass slides and stained with a modified Giemsa stain
(Braendgaard et al., 1990). The sections were divided into those belonging to the interval between roots and those with an identifiable D9 root
(Fig. 1). All sections with roots belonging to D9 were used for counting.

Figure 2. Spinal neurons in the red-eared turtle. A, Microphotograph of Giemsa-stained
transverse section through spinal segment D9 (ventral side down). B, Giemsa image of a motoneuron (thin arrow) and an interneuron (thick arrow). C, Giemsa image showing interneurons
(thick arrows) and an example of a non-neuronal cell (thin arrow).

In addition, all sections from the interval between root D8 and D9 were
divided into two groups, a rostral group belonging to D8 and a caudal
group belonging to D9. The same procedure was applied for the sections
in the interval between roots D9 and D10. Thus, the total number of
sections in the D9 sample consisted of the caudal half of the sections
between roots D8 and D9, all sections with D9 rootlets and the rostral half
of the sections in the interval between roots D9 and D10 (Fig. 1). In this
D9 sample, neurons and non-neuronal cells were counted in every fourth
section.
Stereological design and counting procedure. Stereology is an interdisciplinary field that is largely concerned with the three-dimensional interpretation of planar sections of materials or tissues. It provides practical
techniques for extracting quantitative information about a threedimensional material from measurements made on two-dimensional
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size and their lack of cytoplasm (Fig. 2C). Nonneuronal cells were scattered throughout the region of interest.
To affirm that we could identify the MN and
interneurons from other cell types, we applied
a specific stain for neurons, NeuN (monoclonal mouse anti-neuronal nuclei antibody;
working dilution 1:18,000; Millipore) in one
preparation. We estimated the mean density of
the interneurons identified by our morphological criterion in Giemsa-stained sections and
of immunopositive cells in the NeuN-stained
sections and compared. The mean density of
neurons was 36.1 ⫻ 10 6/cm 3 in the Giemsasections and 35.3 ⫻ 10 6/cm 3 in NeuN-sections
when corrected for shrinkage in the z-axis.
With the provisional identification of neurons
Figure 3. Transverse sections of ventral roots of spinal segment D9. A, A representative overview of a D9 ventral root. B, A confirmed by NeuN stains, all other cells were
classified as non-neuronal cells by exclusion.
corresponding high-power micrograph of a D9 ventral root.
We have not attempted to identify the nature of
the non-neuronal cells.
Table 1. Motoneurons, interneurons, and non-neuronal cells in spinal segment D9
Total number estimation. The total number of cells in the region of
of the red-eared turtle
interest was found by multiplying the reference volume, Vref, and the cell
Motoneurons
Interneurons
Non-neuronal cells
IN/MN ratio
density, NV. The cell density is the total number of cells counted in all
disectors in a region divided by the total volume in which they are
Case 1
1600
13,925
48,379
8.7
counted (Gundersen et al., 1988b).
Case 2
1630
15,266
49,122
9.4
Statistical analysis. The precision by which the number of cells was
Case 3
2016
15,580
48,959
7.7
estimated is determined by the coefficient of error, CE. In short, CE is a
Case 4
2149
15,789
46,917
7.4
function of the noise effect and the SURS (systematic uniform random
Case 5
2823
16,707
41,979
5.9
sampling) variance (Gundersen et al., 1999) and it provides information
Case 6
2079
19,541
49,668
9.4
about whether the sampling is sufficiently precise at various levels of the
Mean
2049
16,135
47,504
7.9
sampling scheme (e.g., sampling of sections, sampling of areas). It is
CV
0.21
0.11
0.06
calculated using the following formula:
CE
0.09
0.04
0.03
CV, Coefficient of variation (SD/mean); CE, coefficient of error (see text for calculation).

CE ⫽
planar sections of the material. Stereology uses random, systematic
sampling to provide potentially unbiased and quantitative data and is
an important and efficient tool in many applications of microscopy. It
may thus provide estimates of cell numbers with a precision determined by the investigators. Stereological estimates are quantitative in
nature and the results are unbiased, provided a number of strict requirements to the study design are met (Gundersen and Jensen, 1987;
Gundersen et al., 1988a; Howard and Reed, 2005).
A combination of the Cavalieri principle (Gundersen and Jensen,
1987) and the optical disector (Gundersen, 1977) was applied to the
actual counting. The equipment used for the optical disector included a
microscope (Olympus BX50) with a motorized x–y stage, an electronic
microcator (Heidenhain), which was used for measuring movements in
the z direction (with precision of 0.5 m), and the PC software CASTGRID (Visiopharm) for cell counting. The optical disector provided
inclusion and exclusion lines to prevent edge effects arising from subsampling (Gundersen, 1977). All cells that came into focus within the
disector height were counted, provided they did not touch the exclusion
line. The sections were counted with a 60⫻ oil-immersion objective
(final magnification, 2000⫻).
Counting criteria. In this study, the number of motoneurons (MNs),
interneurons (INs), and non-neuronal cells in spinal segment D9 were
estimated. The cell nucleus was used as the counting item for both neuron types as well as for the non-neuronal cells. Figure 2 A shows a section
through segment D9. Motoneurons were provisionally identified from
their morphology, large size, distinct slender and long shape, and location in the ventral half of the ventral horn (Fig. 2 B)—a distinction also
used by Nissen et al. (2008). The validity of the motoneurons count was
verified by the counts of myelinated axons in D9 ventral roots. INs,
scattered in the remaining gray matter throughout the transverse section
of the spinal cord, were identified by the presence of a clearly defined
nucleus surrounded by a pale cytoplasm and with a dark centrally located
nucleolus (Fig. 2B,C). Non-neuronal cells were identified by their smaller
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The Noise effect is the uncertainty in the estimate that comes from disector counts within a section and is equal to ⌺Q ⫺ and VARSURS is the
uncertainty of sampling between sections, i.e., because repeated estimates based on different set of sections may vary (Gundersen et al.,
1999). The sampling is considered optimal when the observed variance of
the individual estimate, CE 2, is less than half the observed interindividual
variance, CV 2.
Root counts. Ventral roots D9 were excised from three turtles. The
roots were immersion-fixed for 24 h in 10% buffet formaldehyde. Specimens were rinsed in cacodylate-buffered (0.2 M), postfixed in 2%
osmium tetroxide in 0.1 M cacodylate, dehydrated in graded alcohol
(30 –100%), cleared in propylene oxide, and embedded in increasing
concentrations of epoxy resin until polymerized in pure epon in a heated
cabinet. Cross sections (1 m) were cut with diamond knives, stained
with p-phenylenediamine, mounted, and photographed. Counts were
performed without any sampling, e.g., all myelinated fibers were counted
on the photographs (Fig. 3).

Results
Number of MNs, INs, and non-neuronal cells
Three types of cells, MNs (Fig. 2 B), INs (Fig. 2 B, C) and nonneuronal cells (Fig. 2C), were counted separately. Table 1
summarizes the mean number of estimated MNs, INs, and
non-neuronal cell counts from segment D9.
Number of MNs from root counts
The mean bilateral number of myelinated fibers in three ventral
roots of segment D9 was 2114, which is close to the stereological
estimated average number of MN of 2049 (SE, ⫾74), p ⫽ 0.82
(unpaired two-tailed Student’s t test).
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Discussion
Functional network activity depends not only on the properties
of the neuronal elements and the synapses but also on connectivity and network size (Berg and Hounsgaard, 2009). Using the
scratch circuit in the spinal cord of the adult turtle as a model
network, the present study provides insight into both these aspects. Segment D9 in the turtle is an integral part of the lumbar
network for scratch and swim movements (Berkowitz, 2008).
The stereological counting procedure was verified by comparing
the estimated average number of MN (2049) in segment D9 to the
number of myelinated fibers in the segmental ventral roots
(2114). The discrepancy in total number of motoneurons in a
previous study (Nissen et al., 2008) may be due in part to the
difference in definition of the boarders of segment D9 and in cell
counting methods, since the former study was not based on
purely unbiased counting methods. Based on the number of myelinated fibers in the ventral roots, each segment in D8 –D10
contains 2000 –3000 motoneurons (Nissen et al., 2008). Assuming a similar number of segmental motoneurons in segments S1
and S2, we estimate the total number of hindlimb motoneurons
in the lumbar enlargement of the turtle to be at least 10,000. This
is much lower than the estimated 60,000 lumbar motoneurons in
humans (Tomlinson and Irving, 1977), but surprisingly similar
to the number of hindlimb motoneurons in chicks (Hamburger,
1975; Laing, 1982; Tanaka and Landmesser, 1986). In contrast,
the number of lumbar motoneurons is ⬍2000 in adult bull frogs
(Farel et al., 1992) and only 3500 in rodents (Oppenheim, 1986).
Our finding that interneurons in segment D9 outnumber motoneurons by a factor of eight is surprisingly close to the ratio of
5:1 between projecting interneurons and motoneurons in the
same segment (Nissen et al., 2008). The estimated number of
projecting interneurons is conservative because fluorescent dextran may be a less effective tracer when crystals are applied at the
cut surface of the spinal cord rather than the ventral root (Nissen
et al., 2008). Thus, the number of projecting interneurons may
well be higher than estimated. For this reason, it is possible that
only a small fraction of interneurons in D9 have confined intrasegmental projections. These findings demonstrate a physical
substrate for extensive short- and long-range connectivity within
the scratch network. However, an evaluation of the relative densities
of long- and short-range synaptic connections awaits application of
techniques recently used in cortical columns (Stepanyants et al.,
2009). The ratio of motoneurons to interneurons may be taken as a
crude measure of the sensorimotor capabilities of the spinal cord. In
this sense, we notice that the ratio for the turtle is close to the ratio of
1:6 extracted from published data aboutthe chick (McKay and Oppenheim, 1991), but lower than the ratio of 1:13–15 extracted from
published data about the mouse (Grieshammer et al., 1998; Oppenheim et al., 2000).
To compare the scratch network in the turtle with other functional networks, it is of interest to estimate the number of neurons participating in scratching. The minimal network for rostral
and pocket scratch in the adult turtle is contained in segments
D8 –D10 (Mortin and Stein, 1989). It can be argued that these
segments play a similar role in hindlimb scratch as segments
L4 –L5 in the cat (Mortin and Stein, 1989). Based on the present
data and data from Nissen et al. (2008), we estimate that these
segments include ⬃50,000 neurons. Although scratching in the
turtle includes a bilateral core of shared neurons (Stein et al.,
1995), it is predominantly a unilateral network activity; i.e., it
seems reasonable to assume that an estimated 25,000 ipsilateral
neurons are available in hemisegments D8 –D10. This undoubt-

edly overestimates the number of neurons contributing to the
scratch network. An unknown number of neurons in these segments is part of the autonomic nervous system and secondary
somatosensory neurons not activated during fictive scratch. All
in all, we estimate that the number of neurons in the scratch
network is of the same order as the number of neurons in a
mammalian cortical column, i.e., 10 4 to 2 ⫻ 10 4 neurons as
estimated for a whisker barrel in the rat (Keller and Carlson, 1999;
Lübke and Feldmeyer, 2007).
During functional network activity in the cerebral cortex in
unanesthetized behaving mammals, neurons enter a high conductance state due to intense concurrent excitatory and inhibitory synaptic activity (Destexhe et al., 2003). Surprisingly, this is
also the case in motoneurons and certain spinal interneurons
during scratching (Alaburda et al., 2005; Berg et al., 2007). It is
tempting to speculate that high conductance states, due to concurrent inhibition and excitation, are structurally inbuilt features
of the network in which they occur (Berg and Hounsgaard, 2009).
Indeed, this seems to be the case in the cerebral cortex (Kapfer et
al., 2007; Silberberg and Markram, 2007). Although similar
structural features are unexplored in the spinal cord, we are beginning to delineate the structure of the scratch network in the
turtle. Based on the present work, it seems clear that long-range
connections are common. A majority of interneurons in D9 project at least to neighboring segments. It is not yet known how far
these projections reach, how they organize the functional network modules (Stein, 2005), or the relative proportion of inhibitory and excitatory connections in terms of numbers and
synaptic strengths. These crucial questions are subjects of ongoing research.
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Destexhe A, Rudolph M, Paré D (2003) The high-conductance state of neocortical neurons in vivo. Nat Rev Neurosci 4:739 –751.
Farel PB, St Wecker PG, Wray SE (1992) Neuron addition in the postmetamorphic frog. Exp Gerontol 27:111–124.
Gelfand IM, Orlovsky GN, Shik ML (1988) Locomotion and scratching in
tetrapods. In: Neural control of rhythmic movements in vertebrates (Cohen AH, Rossignol S, Grillner S, eds), pp 167–199. New York: Wiley.
Grieshammer U, Lewandoski M, Prevette D, Oppenheim RW, Martin GR
(1998) Muscle-specific cell ablation conditional upon Cre-mediated
DNA recombination in transgenic mice leads to massive spinal and cranial motoneuron loss. Dev Biol 197:234 –247.
Gundersen HJ (1977) Notes on the estimation of the numerical density of
arbitrary profiles: the edge effect. J Microscopy 111:219 –222.
Gundersen HJ, Jensen EB (1987) The efficiency of systematic sampling in
stereology and its prediction. J Microsc 147:229 –263.
Gundersen HJ, Bendtsen TF, Korbo L, Marcussen N, Møller A, Nielsen K,
Nyengaard JR, Pakkenberg B, Sørensen FB, Vesterby A (1988a) Some
new, simple and efficient stereological methods and their use in pathological research and diagnosis. APMIS 96:379 –394.
Gundersen HJ, Bagger P, Bendtsen TF, Evans SM, Korbo L, Marcussen N,
Møller A, Nielsen K, Nyengaard JR, Pakkenberg B (1988b) The new
stereological tools: disector, fractionator, nucleator and point sampled
intercepts and their use in pathological research and diagnosis. APMIS
96:857– 881.
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