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ABSTRACT Optical disector counting is currently applied most often to cryosections, followed
in frequency by resin-embedded tissues, paraffin, and vibratome sections. The preservation quality
of these embedding options differs considerably; yet, the effect of tissue morphology on numerical
estimates is unknown. We tested whether different embedding media significantly influence nu-
merical estimates in optical disector counting, using the previously calibrated trochlear motor nu-
cleus of hatchling chickens. Animals were perfusion-fixed with paraformaldehyde (PFA) only or in
addition with glutaraldehyde (GA), or by Methacarn immersion fixation. Brains were prepared for
paraffin, cryo-, vibratome- or celloidin sectioning. Complete penetration of the thionin stain was
verified by z-axis analysis. Neuronal nuclei were counted using an unbiased counting rule, num-
bers were averaged for each group and compared by ANOVA. In paraffin sections, 906 6 12 (SEM)
neurons were counted, similar to previous calibrated data series, and results obtained from fixation
with Methacarn or PFAwere statistically indistinguishable. In celloidin sections, 9126 28 neurons
were counted—not statistically different from paraffin. In cryosections, 812 6 12 neurons were
counted (underestimate of 10.4%) when fixed with PFA only, but 867 6 17 neurons were counted
when fixed with PFA and GA. Vibratome sections had the most serious aberration with 729 6 31
neurons—a deficit of 20%. Thus, our analysis shows that PFA-fixed cryosections and vibratome sec-
tions result in a substantial numerical deficit. The addition of GA to the PFA fixative significantly
improved counts in cryosections. These results may explain, in part, the significant numerical dif-
ferences reported from different labs and should help investigators select optimal conditions for
quantitative morphological studies. Microsc. Res. Tech. 71:60–68, 2008. VVC 2007 Wiley-Liss, Inc.

INTRODUCTION

Quantitative morphology is important in develop-
mental and clinical biology as well as in the biology of
aging. To quantify neurodegeneration, or to evaluate
the effects of mechanical or pharmacological manipula-
tions in animals, it is important to measure the extent
of cell survival. To determine absolute numbers or
changes in particle number in tissues, such tissues
generally have to be sectioned and examined under the
microscope.

Previously used quantification techniques such as
‘‘profile counting’’ (2D counting, counting of profiles of
each particle in equally spaced thin sections, Aber-
crombie, 1946; Clarke and Oppenheim, 1995; Konigs-
mark, 1970) are now increasingly replaced by techni-
ques that cut relatively thick sections, count samples
in 3D space, and then apply densities from representa-
tive samples to the total reference space (Gundersen
et al., 1988; Howard and Reed, 1998; Williams and
Rakic, 1988). This approach uniquely identifies each
particle and abolishes the necessity of counting profiles
and using correction formulae to adjust for over-counts
of multiple profiles. It is most efficient to use ‘‘optical
sections’’ that define a counting box within thick tissue
sections (hence the name ‘‘optical disector’’). The opti-

cal disector has been applied to all major types of tissue
sections, including paraffin, resin, vibratome, and
cryosections (Gardella et al., 2003). Cryosections are
currently the type of tissue sections used most often in
optical disector counting (Baryshnikova et al., 2006).

Although numerical estimates obtained by optical
disector counting were initially thought to be—theoret-
ically—unbiased, major numerical discrepancies bet-
ween optical disector studies have been reported (Guil-
lery and Herrup, 1997; Mouton, 2002; Myers et al.,
2004; Schmitz et al., 1999; Tandrup, 2004). Several
sources of bias appear to contribute to these discrepan-
cies (Geuna, 2005; Guillery, 2002; Guillery and August,
2002; Mouton, 2002; Schmitz and Hof, 2005). Some
biases may be explained by z-axis compression and loss
of particles during tissue section processing (Baryshni-
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kova et al., 2006; Gardella et al., 2003; Hatton and von
Bartheld, 1999), but this source of bias alone cannot
explain the entire extent of discrepancies between
studies.

It is known that different tissue embedding and pro-
cessing methods result in varying preservation of tissue
qualities and such quality differences are clinically sig-
nificant (Medeiros et al., 2005; Pinto et al., 2001; Prieto
et al., 2003; Taylor, 2001; Wootipoom et al., 2006). For
example, Methacarn (acid) fixation and subsequent
paraffin embedding and sectioning produce superior
resolution of particles when compared with vibratome
or cryosections (Aldana Marcos et al., 1996; Durham
et al., 1981). Disadvantages of frozen sections include
poor preservation of morphology, poor resolution at
higher magnifications, and difficulty in cutting over
paraffin sections. Vibratome sectioning is slow and
difficult with soft and poorly fixed tissues, and chatter
marks or vibratome lines are often apparent in the
sections. While preservation of tissue morphology is
difficult to define and quantify, differences in tissue
preservation between tissue processing conditions are
commonly agreed upon among investigators and these
include staining properties, the degree of resolution,
preservation of membranes, and three-dimensional
resolution when focusing through densely stacked
particles in the z-axis of tissue sections.

To date, the four most commonly used types of tissue
sections have not been examined for their possible
influence on numerical estimates derived from optical
disector counting. Here, we provide a detailed analysis
of different tissue processing conditions including par-
affin sections fixed with Methacarn or 4% paraformal-
dehyde (PFA), cryosections fixed with 4% PFA or with
PFA and 0.1% glutaraldehyde (GA), vibratome sections
fixed with 4% PFA or with PFA and 0.1% GA, and cel-
loidin plastic sections of tissue that was fixed with 4%
PFA. Neuron counts of the chicken trochlear nucleus
were compared with neuron numbers previously estab-
lished and calibrated by complete 3D reconstruction of
serial sections (Hatton and von Bartheld, 1999) and
with previously established nerve fiber counts in the
trochlear nerve of the posthatch chicken (Croes et al.,
2007; Sohal et al., 1985). Our study reveals a substan-
tial (10–20%) underestimate of actual neuronal num-
bers when optical disector counting rules are applied to
cryo- or vibratome sections that were prepared by con-

ventional tissue processing protocols. Preliminary data
of this work have been presented in abstract form
(Ward et al., 2007).

MATERIALS ANDMETHODS
Sources of Tissue

Fertilized White Leghorn chicken eggs were ob-
tained from local sources and incubated at 37.58C until
hatching. All procedures were conducted in accordance
with the Policies on the Use of Animals and Humans in
Neuroscience Research (1995), and animal protocols
were approved by the local animal care committees.
Hatchling chicks were killed at 12–36 h post hatch
(P0.5–P1.5). For Methacarn fixation, hatchlings were
decapitated and heads were fixed in three changes of
Methacarn (methanol, chloroform, and acetic acid at
volume ratios of 6:3:1). For PFA fixation, hatchlings
were deeply anesthetized with sodium pentobarbital
(Nembutal, 50 mg/kg body weight) and perfused
through the left cardiac ventricle with cold 4% PFA in
phosphate-buffered saline (PBS, pH 7.5) or with cold
4% PFA and 0.1% GA (EM-grade, Ted Pella) (PFA 1
GA in PBS, pH 7.5). PFA-fixed brains were removed
from the cranium and stored in the same fixative over-
night at room temperature. For numbers of nuclei per
condition see Table 1. The following protocols were
designed to produce tissue sections with a final thick-
ness of about 20–30 lm. For all conditions, serial sec-
tions were generated in the same (transverse) plane.

Paraffin Sections

The PFA-fixed brains were stored overnight in 70%
ethanol, dehydrated in 70, 95, and 100% ethanol, and
cleared in two changes of 100% methylsalicylate
(Sigma). Methacarn-fixed brains were stored in Metha-
carn fixative overnight and dehydrated in two changes
of methanol and cleared in two changes of 100% xylene.
All tissues were then placed in two changes of 100%
paraffin at 64–688C (Paraplast Plus, Oxford Labware,
St. Louis, MO; melting point, 568C) and embedded in
fresh paraffin. Blocks were allowed to cool down at
room temperature before storage at 4–88C. Blocks were
warmed to room temperature and sectioned at 35 lm
on a rotary microtome (AO Spencer 820) using dispos-
able metal blades (Accu-Edge1, Sakura Finetek, Tor-
rance, CA; low profile microtome blades). Sections were
floated for 20–40 s in a distilled water bath at 438C,

TABLE 1. Quantitative data of samples, statistics, and ranges of numerical data

Conditions
Trochlear nuclei

(number)

Average number
of sections
(range)

Nominal section
thickness (lm)

Average section
thickness (lm)

Average number of
neurons (range)

Difference of
neuron numbers vs.

combined paraffin: 906
(P-values)

Paraffin
Methacarn 6 14 (13–14) 35 31.7 (29.8–33.9) 904 (856–942) 20.2% (0.937)
PFA 3 10 (10–11) 35 24.4 (14–35.5) 909 (876–960) 10.3% (0.906)

Cryosection
PFA 8 9 (9–10) 60 21.7 (15.1–30.6) 812 (762–861) 210.4% (<0.001)
PFA 1 GA 5 9 (8–9) 60 30 (22.8–39.3) 867 (818–917) 24.3% (0.088)

Vibratome
PFA 6 8 (7–9) 70 17.3 (11–26.9) 747 (614–836) 217.5% (<0.001)
PFA 1 GA 3 8 (8–8) 70 14.9 (12.1–17.4) 672 (670–674) 225.8% (<0.001)

Celloidin
PFA 4 13 (11–13) 30 26.2 (22.4–32.5) 912 (853–981) 10.7% (0.815)

PFA, 4% paraformaldehyde; GA, 0.1% glutaraldehyde.
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and serial sections were collected on silane-coated glass
slides. Sections were dried (20–60 min) at room tem-
perature and baked at 40–458C overnight. They were
deparaffinized in xylene (20 min), hydrated in a graded
ethanol series (1–3 min each), and stained for 20–
25 min with 0.03% thionin (Sigma, dissolved in water).
Sections were then dehydrated in a graded ethanol se-
ries and cleared in two changes of 100% xylene for
5 min each. Sections were coverslipped with Corning
(11/2, 170 lm thick) cover glasses in di-n-butyl-phthal-
ate-xylene (DPX) mounting medium with a refractive
index of 1.52 (Electron Microscopy Sciences, Fort
Washington, PA).

Cryosections

Brains fixed with 4% PFA (or 4% PFA and 0.1% GA)
were sunk overnight in 30% sucrose. Brains were em-
bedded in Tissue-Tek1 OCT compound (Sakura Fine-
tek, Torrance, CA), frozen on dry ice, and cut at 60 lm
(Leica CM 3500) using disposable metal blades (Accu-
Edge). Serial sections were cut at a temperature of
2208C, thawed on gelatin-subbed slides, and dried
at room temperature. Sections were stained for 20–
25 min with 0.03% thionin (Sigma, dissolved in water),
dehydrated in a graded ethanol series, and cleared in
two changes of 100% xylene for 5 min each. Sections
were then coverslipped with Corning (11/2, 170 lm
thick) cover glasses in DPX mounting medium.

Vibratome Sections

PFA-fixed brains (or PFA 1 GA-fixed brains) were
glued to a metal chuck with super glue plusTM (Kwik
Fix). The right ventral midbrain was stabbed with a
needle to generate a needle track that aided in the
identification of the right and left sides in case of sec-
tion flipping during subsequent processing steps. The
chuck was mounted on a vibratome (Series 1000, The
Vibratome Company, St. Louis, MO), the chamber was
filled with PBS, and serial sections were cut with Per-
sonna (American Safety Razor Company) platinum
chrome blades. The settings on the vibratome were for a
speed of 4.5 (maximal range 1–10), an amplitude of 5.0
(maximal range 1–10), and a nominal section thickness
of 70 lm. Floating sections were collected on gelatin-
subbed slides and dried overnight. Sections were stained
for 20–25 min with 0.03% thionin (Sigma, dissolved in
water), dehydrated in a graded ethanol series and
cleared in two changes of 100% xylene for 5 min each.
Sections were then coverslipped with Corning (11/2,
170 lm thick) cover glasses in DPX mounting medium.

Celloidin Sections

Brains were embedded in celloidin as described in
detail elsewhere (Williams et al., 2003). In brief, PFA-
fixed midbrains were postfixed for several weeks before
embedding. Following washes in distilled water and
dehydration with graded ethanols, they were im-
mersed in a 1:1 solution of 100% ethanol and ether
before embedding for 1 week in a 3% solution of celloi-
din (Fisher Scientific) and a 1:1 solution of 100% etha-
nol and ethyl ether, followed by 12% celloidin for 3
days. One corner of the celloidin block was nicked for
orientation to prevent right–left reversal of sections.
After hardening, the blocked brains were sectioned on
a sliding microtome (Leica Microsystems) at 30 lm. Se-

rial sections were stored in 80% ethanol for 1–2 weeks
and stained free-floating with 0.5% thionin for 3 min.
After dehydration in graded alcohols, the sections were
stored in terpineol for 1–5 days. Sections were cleared
in xylene and mounted in order on Fisher-Brand
(Fisher Scientific, Chicago, IL) slides (50 3 75 mm2)
and coverslipped with Permount (Fisher Scientific,
refractive index [dry] 5 1.529).

z-Axis Analysis

A z-axis distribution analysis was performed on each
series of sections to verify complete stain penetration
(Gardella et al., 2003). In short, the position of 200–300
particles was measured relative to the section thick-
ness within the view field. Measurements within the z-
axis were converted into percentiles (because of slight
differences in section thickness) and graphed in 10 or
20% z-axis bins. Any cases with substantial and pro-
gressive loss of counts in the bins adjacent to the glass
slide (indicative of incomplete stain penetration) were
excluded from further evaluation. For counting par-
ticles, centers of nuclei (rather than tops or bottoms of
particles) were scored (Heller et al., 2001), to avoid any
over- or undercount in the bins adjacent to the surface
at the top or bottom of the tissue section.

Neuron Counts and Analysis in Serial Sections

Serial sections were collected from the midbrain at
the level of the trochlear motor nuclei. Only complete
serial sections through the entire trochlear nucleus
with verified complete stain penetration were quanti-
fied. Incomplete stain penetration was rare (4 of 39
cases). Sections were viewed using a 1003 immersion
oil objective (NA 1.25) on a Nikon Optiphot microscope
equipped with a microcator (MFC-1 focus controller
and DRV-1-OPTI drive) producing a practical resolu-
tion of 0.4 lm. A modified optical disector method
described by Hatton and von Bartheld (1999) was used
to count the nucleus of every motor neuron in the
trochlear nucleus that met the following inclusion cri-
teria. Every nucleus with a diameter larger than 6 lm
falling within the counting frame and not intersecting
the exclusion line was counted using an unbiased
counting rule (Gundersen et al., 1988; Howard and
Reed, 1998). The same investigator (T.S.W.) analyzed
all serial sections to eliminate interobserver variability.
Parameters measured for statistical analyses included
the mean, SEM, and differences between groups by
ANOVA, degrees of freedom (F-values), and measure-
ment of statistical significance with P values of <0.05,
using Sigma Stat software.

RESULTS

Different processing and sectioning methods yield
morphological quality differences of tissue sections. To
determine whether fixation, embedding, and sectioning
choices affect total neuron estimates obtained by opti-
cal disector counting, we made total neuron counts
within the trochlear nucleus of 1-day-old (P1) hatchling
chicks that were processed and sectioned using six dif-
ferent protocols. The trochlear nucleus of the hatchling
chick is a compact and well-defined nucleus located
dorsomedially in the midbrain tegmentum. This nu-
cleus contains relatively large neurons with coarse
Nissl bodies (Figs. 1A–1F). For all cases, z-axis analyses
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of sections were performed to provide an objective mea-
sure of stain penetration, since incomplete stain pene-
tration could compromise recognition and thus accu-
rate estimation of numbers of trochlear neurons. Rep-
resentative graphs of z-axis distributions for all major
conditions are summarized in Figures 2A–2F. These
graphs demonstrate adequate stain penetration and
verify previous reports of symmetric z-axis distribu-
tions (Baryshnikova et al., 2006; Gardella et al., 2003;
Hatton and von Bartheld, 1999), and thus indicate
retention of particles at section surfaces (Baryshnikova
et al., 2006).

Paraffin Sections

The trochlear nucleus was previously reconstructed
from serial sections in a P1 hatchling chick and this
‘‘gold standard’’ yielded, on one side in one individual
animal, 922 trochlear motor neurons (Hatton and von
Bartheld, 1999). To replicate these findings and to
determine interanimal variability in the number of
trochlear motoneurons, we first counted motor neurons
in six trochlear nuclei that were fixed with Methacarn
and embedded in paraffin, as in the previous study
(Hatton and von Bartheld, 1999). Using the unbiased
counting rule of the optical disector (Gundersen et al.,
1988; Howard and Reed, 1998), we then counted each
trochlear motoneuron in serial sections (range of the
number of sections for each trochlear nucleus is 13–
14). For this study, we did not sample and did not apply
the average sample density to the volume of the troch-
lear nucleus, to avoid any variability introduced by
defining and measuring the precise reference volume.
This approach makes the resulting numbers entirely a
reflection of the ability to identify trochlear motoneur-
ons and of true interanimal variability, but renders the
study ‘‘immune’’ to any variability in identification of
the precise borders of the reference volume or errors in
measuring section thickness (Guillery, 2002; Guillery

and August, 2002). This approach is possible in a small
nucleus such as the chick trochlear nucleus, because
the number of neurons is relatively small (<1,000
total).

Methacarn fixation produces high-quality tissue sec-
tions with excellent histological detail, as shown in Fig-
ure 1A. The average final paraffin section thickness
was 31.7 lm. z-Axis analyses showed complete stain
penetration (Fig. 2B). Motoneurons were readily iden-
tified based on the location of the cells within the
compact trochlear nucleus, the large cell size, charac-
teristic large Nissl bodies, and distinct and relatively
large nucleoli. Total neuron counts from serial sec-
tions of paraffin-embedded trochlear nuclei fixed with
Methacarn (n 5 6) were 904 6 15 (SEM). Counts
ranged from 856 to 942 with the extreme values within
5.4% of the average (904). For details of numerical val-
ues see Table 1. There was no statistically significant
difference between numbers from the right and the left
side of the brain. This is important because the right
side of the embryo is typically situated upright in the
egg and is more exposed to light, which leads to some
right–left asymmetries in the avian visual system
(Gunturkun, 1997).

To determine how Methacarn fixation compares with
PFA fixation, we counted three additional trochlear
nuclei in serial paraffin sections from PFA-perfused
animals. The morphology of PFA-fixed paraffin sections
was of an acceptable quality (Fig. 1B). The average
final section thickness was 24.4 lm (n 5 65). This is
consistent with our experience that PFA-fixed tissue
shrinks postsectioning, while Methacarn-fixed tissue
shrinks primarily presectioning. The z-axis analysis
showed complete stain penetration (data not shown).
The counts of trochlear neurons produced an average
of 909 6 26 neurons, with extremes of 876–960 neu-
rons. The numbers from PFA-fixed brains were statisti-
cally not different (F1,6 < 1, not significant 5 NS) from

Fig. 1. (A–F) Representative
photomicrographs show tissue sec-
tions of trochlear motoneurons
from hatchling chickens for six dif-
ferent tissue processing (fixation,
embedding, and sectioning) proto-
cols. All sections were stained with
thionin and images were obtained
with a Nikon coolpix camera. (A)
Paraffin section after fixation with
Methacarn. (B) Paraffin section af-
ter fixation with 4% paraformalde-
hyde. (C) Cryosection after fixa-
tion with paraformaldehyde. (D)
Cryosection after fixation with
paraformaldehyde and glutaralde-
hyde (GLU). (E) Vibratome section
after fixation with paraformalde-
hyde. (F) Celloidin section after fix-
ation with paraformaldehyde. The
bar (10 lm) in panel F applies to all
panels. [Color figure can be viewed
in the online issue, which is av-
ailable at www.interscience.wiley.
com.]
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the Methacarn-fixed brains, and therefore were com-
bined for subsequent statistical analyses (906 6 12,
SEM, n 5 9). We conclude from these counts that inter-
animal and right–left variability was low (less than
5%, see Table 1), thus making the trochlear nucleus an
excellent model system for the subsequent comparisons
of different tissue processing protocols. The validity of
the number close to 900 trochlear neurons is further
supported by previous studies on the counts of all nerve
fibers in the trochlear nerve of the posthatch chicken,
which was 861 6 26 (Sohal et al., 1985) and 905 6 15,
SEM (Croes et al., 2007). We conclude that embedding
in paraffin after fixation with either Methacarn or PFA
yields numbers that are accurate within about 5%.
This percentage does not take into account potential
sampling errors or errors due to inaccurate volume
measurements (Guillery, 2002; Guillery and August,
2002, see also Discussion).

Cryosections

Among different types of tissue sections, cryosections
are currently most often used for optical disector count-
ing (Baryshnikova et al., 2006), despite their inferior
morphology. To determine if inferior tissue quality of
cryosections affects numerical estimates, eight com-
plete series of cryosections through trochlear moto-
neurons fixed with PFA were assessed. A representa-
tive cryosection shows the tissue quality obtained (Fig.
1C). The average final section thickness was 21.7 lm.
Z-axis analyses showed complete stain penetration
(Fig. 2C). The number of sections per trochlear nucleus
ranged from 9 to 10. Cryosectioned trochlear nuclei
fixed with PFA alone (n5 8) revealed an average motor
neuron count of 812 6 12 (SEM). The counts ranged
from 762 to 861. The average number of 812 was 10.4%
lower than for those embedded in paraffin (906 for all

paraffin cases combined, n 5 9, see earlier), and the
lowest value was within 16% of 906. The difference
between the paraffin-derived numbers and the cryosec-
tion-derived numbers was statistically significant
(F1,15 5 28.0, P < 0.001).

Addition of as little as 0.01–0.1% GA to PFA fixative
is known to significantly improve the tissue quality
(Hockfield et al., 1993; Stuart and Oorschot, 1995). To
determine if the tissue quality (and the neuron counts)
obtained from cryosections could be significantly
improved by addition of 0.1% GA in the fixative, ani-
mals were fixed with 4% PFA and 0.1% GA (n 5 5), and
cryosectioned trochlear neurons (Fig. 1D) were
counted. The average number obtained with the optical
disector method from the cryosectioned trochlear
nuclei fixed with 4% PFA and 0.1% GA (n 5 5) was 867
6 17 (SEM) motor neurons. Counts ranged from 818 to
917 and the average number of 867 was within 4.3% of
the average paraffin value of 906 and the lowest value
within 10%. The difference between total motor neuron
counts from the two groups (fixed with 4% PFA only or
4% PFA and 0.1% GA) was statistically significant
(F1,11 5 7.5, P < 0.05), so they were analyzed sepa-
rately. Z-axis analysis of both fixation protocols showed
complete stain penetration and no loss of particles at
section surfaces (Figs. 2C and 2D). The difference
between the two estimates for the different fixation
protocols indicates that the addition of 0.1% GA
resulted in improved tissue quality with improved rec-
ognition of neurons in the tissue (cf. Baryshnikova
et al., 2006). The numerical data are summarized in
graph form in Figure 3. We conclude that cryosections
of PFA-fixed tissue produce an undercount of about
10%, but with additional fixation of 0.1% GA, numeri-
cal estimates can be brought within less than 5% of the
true value. The measured value in this instance

Fig. 2. (A–F) Examples of z-axis distributions to verify complete
stain penetration and lack of ‘‘lost caps.’’ The distribution of a total of
200–300 particles (centers of neuronal nuclei) was plotted. (A) Incom-
plete stain penetration (example of a rare case that was excluded
from analysis). (B) Paraffin section with paraformaldehyde (PFA) fix-
ation. Paraffin sections with Methacarn fixation had the same z-axis
distribution pattern, but are not shown here, since these were previ-

ously published (Hatton and von Bartheld, 1999; Gardella et al.,
2003). (C) Cryosection with paraformaldehyde fixation. (D) Cryo-
section with additional glutaraldehyde (GA) fixation. (E) Vibratome
section. (F) Celloidin section. Note that none of the sections in B–F
indicate any major loss of particles from the section surfaces (surface
bins).
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approaches a value that is different from the accurate
value, but there is not a statistically significant differ-
ence (F1,12 5 3.5, P < 0.10).

Vibratome Sections

Vibratome sections are known for their relatively
poor morphology and chatter marks during sectioning,
but are popular with immunohistochemical applica-
tions due to enhanced antibody penetration. The typi-
cal appearance of a trochlear motoneuron in a vibra-
tome section is shown in Figure 1E. The average final
section thickness of PFA-fixed vibratome sections was
17.3 lm. Z-axis analyses confirmed complete stain pen-
etration (Fig. 2E). The number of sections through the
trochlear nucleus ranged from seven to nine. PFA-fixed
trochlear motor nuclei sectioned on a vibratome (n 5 6)
resulted in an average motor neuron number of 747 6
39 (SEM). The numbers ranged from 614 to 836 and
the average number of 747 was within 18% of the aver-
age number for paraffin sections (906) and the lowest
value was within 33%. The difference between the av-
erage vibratome number and the average paraffin
number was statistically significant (F1,13 5 20.9, P <
0.001). We also tested, similar to the cryosections,
whether the addition of 0.1% GA to 4% PFA as fixative
(n 5 3) would improve the numbers of trochlear moto-
neurons, but this was not the case (Table 1). Taken all
vibratome sections together (n 5 9), the neuron counts
were 729 6 31 (SEM), a deficit of about 20%. We con-
clude that vibratome sections produce a 20% deficit in
numerical estimates, and this deficit is not improved
by fixation with GA. Again, these deficits do not take
into account any additional potential errors due to
sampling or volume measurements.

Celloidin Sections

Celloidin resin (plastic) sections have superb mor-
phology, but they are not very popular among investi-
gators (Baryshnikova et al., 2006) because of the elabo-
rate and slow embedding procedure and limited anti-
body penetration in these plastic sections (Williams
et al., 2003). To determine if celloidin sections produce
similar optical disector-derived numbers as the paraf-
fin sections, four series of sections through the troch-
lear nucleus were analyzed. A typical trochlear neuron
from a celloidin section is shown in Figure 1F. Average
final section thickness was 26.2 lm. Z-axis analyses
showed complete stain penetration (Fig. 2F). The num-
ber of sections through each trochlear nucleus ranged
from 11 to 13. Celloidin sections produced an average
motor neuron number of 9126 28 (SEM). The numbers
ranged from 853 to 981 and the average number of 912
was within 1% of the average number for paraffin sec-
tions (906) and the lowest value was within 6%. The
difference between the average celloidin-derived num-
ber and the average paraffin-derived number was stat-
istically not significant (F1,11 < 1, NS).

The numerical data are summarized in graph form
in Figure 3. We conclude that paraffin and celloidin
sections are similarly well suited to recognize neurons
and to obtain accurate numerical data for the first step
in optical disector counting; this does not exclude the
possibility of potential sampling errors or errors in vol-
ume measurements when numerical estimates are cal-
culated. Vibratome sections, however, and to some
extent cryosections, violate the general requirement
for unbiased particle number estimation, namely that
it is possible to observe and recognize all particles of in-
terest in the containing space (Dorph-Petersen et al.,
2001).

DISCUSSION

Methods that deliver efficient, accurate, and reliable
numerical estimates of particles in sectioned tissues
are in great demand in quantitative morphology. This
need is demonstrated by the large number of citations
(Institute for Scientific Information) for key publica-
tions of modern stereological methods with citation
numbers that combined now exceed 10,000 for the past
two decades (e.g., Coggeshall and Lekan, 1996; Gun-
dersen et al., 1988; Howard and Reed, 1998). When the
disector technology was introduced, it raised great
expectations, as it promised unbiased numerical esti-
mates (Howard and Reed, 1998; Mouton, 2002). How-
ever, calibration studies and discrepancies between
results from different teams of investigators have
revealed a number of potential sources of bias in the
past decade. Optical disector counting is by no means
‘‘fool-proof.’’ This becomes most obvious by the wide
range of numerical estimates from different reports
that vary by two to threefold between the lower and
the higher numerical estimates, and thus differ little,
if at all, in this respect from traditional corrected pro-
file counts (Coggeshall and Lekan, 1996). Our work
reveals and quantifies one important source of bias:
the degree of preservation of tissue quality that is
produced by different embedding and sectioning
techniques.

Fig. 3. Synopsis of neuron numbers obtained by counting every
neuronal nucleus with an unbiased counting rule in complete series
of tissue sections through the trochlear nucleus of hatchling chickens
in five different tissue processing conditions: paraffin, cryosection
with paraformaldehyde (PFA) fixation, cryosection with additional
glutaraldehyde (GA) fixation, vibratome section, and celloidin section.
Error bars 5 SEM. The number (N) of trochlear nuclei counted for
each condition is indicated on the bars. The range of ‘‘accurate’’ num-
bers of neurons is indicated by the two arrows on the right side, based
on one serial section reconstruction as well as reports on the number
of nerve fibers in the trochlear nerve of posthatch chickens.
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Technical Considerations

Several technical issues need to be addressed in this
context. In our study, we compared the obtained num-
ber with the calibrated ‘‘accurate’’ number. We are con-
fident that our paraffin sections produce reasonably
‘‘accurate’’ numbers of trochlear motoneurons for the
following reasons. First, the number was verified by se-
rial section reconstruction, which is considered the
‘‘gold standard’’ in particle counting (Coggeshall and
Lekan, 1996; Coggeshall et al., 1990; Farel, 2002;
Geuna, 2000, 2005; Guillery, 2002; Hatton and von
Bartheld, 1999; Heller et al., 2001; von Bartheld, 2001,
2002; West, 1999). Second, the number of nerve fibers
in the trochlear nerve (Croes et al., 2007; Sohal et al.,
1985) is virtually identical with the paraffin- and celloi-
din section-derived number, further confirming the va-
lidity of the numbers obtained.

Another important question is whether the tissue
sections generated for the present analysis produced
‘‘typical’’ section quality, or whether they could have
been compromised by some systematic, lab-specific pro-
tocol deviation. We maintain that our cryosections and
vibratome sections were of ‘‘typical’’ section quality. As
shown in Figure 1, tissue quality was what we consider
standard (based on 251 years of experience of the sen-
ior investigator, von Bartheld, with tissue sections gen-
erated and prepared in several different labs on three
continents). Several cryosection assessment and im-
provement papers (Ishii et al., 1993; Revilla and Jones,
2002; Wahle, 2002) were carefully studied and sections
generated in our lab were compared with sections gen-
erated in leading histology labs worldwide (e.g., Karo-
linska, Heidelberg, San Diego, Seattle, Göttingen, Bris-
bane). Thus, we are confident that our tissue sections
are of standard quality that matches those produced
throughout the world. This suggests that the results of
our study are relevant for a large majority of cryosec-
tion and vibratome sectioning protocols.

We did not attempt to quantify serial sections embed-
ded in methacrylate. Many of the initial optical disec-
tor studies used methacrylate sections, but the fraction
of optical disector studies employing methacrylate sec-
tions is steadily declining (Baryshnikova et al., 2006).

Yet the main reason for omission of methacrylate sec-
tions in our study is a technical one. It is virtually
impossible to generate serial sections of appropriate
thickness from methacrylate-embedded tissue (Hatton
and von Bartheld, 1999; personal experience and
Nyengaard, personal communication). Therefore, it
would have been impossible to generate numerical esti-
mates in the same way as done in our study for the
other four section types.

Possible Mechanisms of Numerical Differences

Our study shows significant differences in the nu-
merical yield between sections obtained by different
tissue processing protocols. Which factor(s) are respon-
sible for these differences? Two general categories need
to be considered: theoretically, the section quality may
impact particle retention or particle recognition. As in
previous studies, including a multi-center interna-
tional study (Baryshnikova et al., 2006), our z-axis
analyses did not provide any evidence for significant
loss of particles or particle fragments (‘‘lost caps,’’
Hedreen, 1998) from the surfaces of our tissue sections
in the case of vibratome or cryosections. Therefore, we
do not believe that particle retention is a major factor
responsible for the observed differences. Rather, the
recognition of particles appears to be compromised in
the vibratome sections and in the cryosections that
were fixed with PFA only.

A major factor that may be relevant is the collapse in
the z-axis of vibratome and cryosections during tissue
processing. As shown in Table 1 and Figure 4, vibra-
tome sections compacted from their nominal section
thickness to a final section thickness of 20–25%, and
cryosections to a final thickness of 35–50%, while par-
affin sections and celloidin sections retained 70–90% of
their original thickness. This obviously makes it more
challenging to identify particles in vibratome and cryo-
sections, because particles are much more tightly
stacked within the same final space. One countermeas-
ure could be to cut the original vibratome or cryosec-
tion even thicker—in the range of 80–100 lm. How-
ever, this would further diminish the total number of
tissue sections through the reference volume, which is

Fig. 4. Graphs show the origi-
nal (nominal) combined thickness
of sections (dark gray) through the
trochlear nucleus, compared with
the final (combined) section thick-
nesses (light gray), for each of the
tissue processing conditions. Aver-
ages from three to eight cases
(actual variations from individual
cases are not shown). Note that
the underestimates are particu-
larly pronounced in those cases
where the section thickness
shrinks to one half or less. PFA,
paraformaldehyde; GA, glutaralde-
hyde.
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already somewhat lower for vibratome and cryosec-
tions (8–9) versus 10–14 for paraffin and celloidin sec-
tions (Table 1 and Fig. 4). We were striving for a rea-
sonable balance between the number of tissue sections
and their final section thickness, to make the parame-
ters analyzed most comparable between the conditions.

During counting, we subjectively noticed the differen-
ces in preservation of tissue morphology, and this was
correlated with the numbers of neurons counted. Our
subjective impressions are most consistent with the
notion that, even with only slightly reduced tissue pres-
ervation, some particles may present ‘‘borderline cases’’
that cannot be identified with certainty due to resem-
blance of artifacts or smaller cellular debris. Compac-
tion within a tighter space due to shrinkage may be pri-
marily responsible for the reduced number of neuronal
nuclei. Alternatively, we cannot formally exclude the
possibility that some sectioning devices (such as the
vibratome) may chatter and disrupt major fragments of
neuronal nuclei that then may not be recognizable in
one or both of the two adjacent tissue sections.

Sources of Bias in Optical Disector Counting

Optical disector counting was and still is advertised
to generate ‘‘unbiased’’ numbers (Howard and Reed,
1998; Mouton, 2002)—thus, potentially misleading
investigators and evoking a false sense of security and
expectations (Guillery and August, 2002; Saper, 1999;
von Bartheld, 1999). A number of factors have been
identified that may be responsible for numerical dis-
crepancies between studies. These include interanimal
variability, z-axis distortion of tissue sections and use
of inappropriate guard spaces, loss of particles from
surface regions, errors in measuring section thickness,
errors in assessing representative samples, errors in
measuring the precise reference volume (border of
populations of cells), and investigator errors such as
fatigue (Geuna, 2005; Guillery, 2002; Guillery and
August, 2002; Mouton, 2002). Previous calibration
analyses have shown considerable systematic biases
because of z-axis distortion of ‘‘softer’’ tissue sections
and/or loss of particles from section surfaces (Baryshni-
kova et al., 2006; Gardella et al., 2003). Our study adds
to this list of potential biases, the bias that results from
different tissue processing protocols and inherent dif-
ferences in preservation of tissue qualities. Such differ-
ences have received remarkably little attention, and no
attempts appear to have been made to quantify such
differences. Therefore, the goal of our study was to
objectively measure the effect of histological tissue sec-
tion quality because of different embedding/sectioning
protocols on total neuron counts and, by implication,
on the numerical estimates that would be obtained by
optical disector counting.

Our study shows that the four major types of tissue
sections currently used in optical disector counting are
not equivalent in yielding true numerical estimates.
Those section types that are generally known to pro-
duce lower quality sections (cryosections and vibratome
sections) indeed produced significantly lower particle
numbers. In particular, vibratome sections produced
substantially lower counts, nearly 20% underestimate
on average, without considering any potential addi-
tional sources of errors in optical disector counting
(Guillery, 2002; Guillery and August, 2002). Interest-

ingly, addition of 0.1% GA as a fixative in addition to
4% PFA for fixation of brains processed for cryosections
significantly improved the tissue quality, reduced the
collapse of the section thickness, and apparently
enhanced the recognition of particles.

Importantly, a large majority of current optical disec-
tor counting is performed on cryo- and vibratome sec-
tions (Baryshnikova et al., 2006). Thus, nearly two-
thirds of current optical disector counting studies likely
underestimate true numbers by 10–20%. Indeed, some
studies using vibratome sections report about 10–15%
fewer tyrosine-hydroxylase immunoreactive neurons
in the murine substantia nigra when compared with
studies employing cryosections or paraffin sections
(Schober et al., 2007, and references cited therein).
One reason that the undercount with vibratome and
cryosections has not been recognized earlier may be
due to the fact that optical disector counting in paraffin
sections can likewise lead to an undercount of 10–25%
when inappropriate guard spaces are used (Gardella
et al., 2003; Hatton and von Bartheld, 1999; von Bar-
theld, 1999). Inappropriate guard spaces may have
been widely used (and may still be used), because prob-
lems and consequences of the use of inappropriate
guard zones were not realized until 1999 (Gardella
et al., 2003; Hatton and von Bartheld, 1999; von Bar-
theld, 1999, 2002), when the importance of z-axis anal-
yses emerged. Thus, data from paraffin and cryo- or
vibratome studies seemed to match at relatively too
low counts and seemed to, falsely, confirm each other.
This reasoning may also apply to explain apparent
matching of numerical estimates from cryosections and
methacrylate sections (Schmitz and Hof, 2005).

CONCLUSIONS

Whenever possible, either paraffin or celloidin sec-
tions should be used to obtain valid numerical esti-
mates with optical disector counting. If cryosections
have to be used, the tissue should be fixed in addition
with 0.1% GA to improve the numerical yield. We rec-
ognize that when particles require staining by immu-
nolabeling, the addition of GA or use of paraffin sec-
tions may not be advised, because some antibodies do
not work with paraffin sections or with particular fixa-
tives such as GA. Whenever this is an option, paraffin
or celloidin sections should be preferred. When GA fix-
ation does not interfere with antigen binding by the
antibody, this approach should be tested. Furthermore,
the underestimate due to inferior tissue section quality
should be considered when comparisons are made
between studies, and investigators should be aware of
the possibility of significant underestimates when cryo-
or vibratome sections are used in optical disector
counting.
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