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Modern Stereology: A Method for Quantifying the
Number of Cells in Histological Sections

uantifying the number of cells in particular
regions of the brain poses certain challenges
because cells are numerous, microscopic, and
exist 10 3-D space. This means that not all cells can be
counted, special equipment is required, and cells can only
be examined in 2-D planar sections. What is the best way
then to determine the total number of cells (or nuclei,
synapses, etc.) in a given structure or region of the brain?
The field of stereology has developed to address this and

similar questions.

Historical background to stereology

The term stereology is derived from the Greek word stere-
os, meaning solid, and consists of a set of techniques for
quantifying the properties (eg. number, length, volume,
etc.) of 3-D objects based on their appearance on 2-D sec-
tions.! Stereology became a formal discipline (complete
with its own society—the International Society of
Stereology) in the 1960s, and has progressed alongside
advances in microscopy and computing. There is a dis-
tinction between older stereological methods, which are
based on classical geometry, make assumptions about
specimens (eg. cells are spherical), and often employ cor-
rection factors (eg. the Abercrombie correction?), and
more modern stereological methods which do not make
such assumptions or use correction factors. Since proper-
ties of biological tissue rarely conform to perfect geomet-
ric shapes, the assumptions of older methods can be
unwarranted and can lead to inaccurate estimates (see
[1,3-5] for reviews). These older methods have therefore
come to be known as biased stereology, while the newer
methods are referred to by a variety of names, including
unbiased, assumption-free, model-free, design-based, or
simply, the new stereology.

Modern stereology

Modern stereological methods typically use a light micro-
scope attached to a motorised stage, a microcator to deter-
mine distances in the z-axis, and a digital camera, which
are all connected to a computer running commercially
available stereological software. The general approach is
to sample regions in 3-D space, determine the number of
cells in these samples, and then scale this up to estimate
the total number of cells in the structure of interest.
Estimating population parameters from samples is at the
heart of statistical inference and underlies much of the
theory of modern stereology. There are three main
strengths of this approach. The first is that no assump-
tions are made regarding the geometry (eg. size, shape,
and orientation) of cells, thus eliminating potential biases
if these assumptions do not hold. The second advantage is
the use of systematic random sampling, which ensures
that each cell has an equal probability of being sampled,
and thus the sampling procedure is unbiased, in the sta-
tistical sense. The third advantage is the use of a 3-D opti-
cal probe which ensures that each object is counted once
and only once, and that larger cells have the same chance
of being counted as smaller cells.

The two-stage method for determining cell number
There are two different methods of determining total cell
number, and the most common is the Nv x Vref or two-
stage method first used by Pakkenberg and Gundersen.®
The logic behind this method is to (1) count the number
of cells in a known volume of tissue, then (2) determine
the total volume of the structure or region of interest, and
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(3) multiply these values together to determine the total
number of cells in the structure (see equations below).
Note that this number is the total number of cells in the
structure, and is not a density measure (ie. number per
unit of volume).

First, brains are sectioned in the standard way (Figure
1A) and equally spaced sections are selected, for example
every 6th section or 12th section, with the first section
being chosen randomly. After standard histological stain-
ing, for example with Cresyl violet (CV), the structure of
interest—the striatum in this case (Figure 1B)—is out-
lined under low power on all the sections on which it
appears, and the area of the outlined region is calculated
by the software. The software then selects locations with-
in the highlighted region in a systematic random manner
(indicated by the black dots). Switching to a higher power
objective lens, the software automatically moves the stage
to the first location and the user counts the number of
cells falling completely within the box (Figure 1C), or cells
touching one of the two green lines. Cells falling partially
in the box but touching the red lines are not counted,
which ensures that the number of cells is not overestimat-
ed. The user needs to scan through the depth of the sec-
tion at each location to ensure that all cells enclosed by the
box in x-y-z planes are counted. The stage then moves to
the next location (black dot) and another cell count is
made. This continues until all areas have been counted,
and this procedure is then repeated on the other side of
the brain and on all the sections on which the striatum
appears. To calculate the total number of CV stained cells
(N) in the mouse striatum, the number of cells that were
counted across all sections is divided by the number of
boxes times the area and height of the boxes, and this is
referred to as the numerical density (Nv; Equation 1). The
area and height are constants; the area is determined by
the user at the beginning of the experiment while the
height is equivalent to the thickness at which the sections
were cut. The volume (Vref) of the striatum can be calcu-
lated by summing the areas of the outlined structures,
multiplying by the reciprocal of the sampling fraction (ie.
if every 12th section was used, then multiply by 12), and
the thickness at which the sections were cut (Equation 2).
The final step is to multiply Nv by Vref to give the total
number of cells in the striatum (Equation 3).
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Drawbacks and controversies

Despite the advantages of modern stereological methods
they have some disadvantages. They can still lead to biased
estimates,” and vastly different estimates of neuron num-
bers have been obtained for the same structure in the same
species, using the same ostensibly unbiased method (eg.
80,000 vs. 205,000 hippocampal CA1l neurons per half
mouse brain).*” In addition, modern methods have some
assumptions as well which are occasionally not met in
practice, such as 100% of the tissue being available for
analysis (occasionally sections are torn or lost during pro-
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cessing). Furthermore, these methods can be time consuming and
require special equipment and a knowledge of stereological theory.
Finally, Schmitz and Korr suggest that modern methods may have
reduced power to detect significant differences and thus researchers
may be disinclined to trade increased accuracy for decreased power."

Summary

Modern stereological methods offer a theoretically unbiased way of
determining the total number of objects in a given structure or region of
interest. They are not without their limitations however, and researchers
will continue to use both older and new methods depending on their
appropriateness for addressing the objectives of the experiment.

Figure 1: Sampling procedure for stereology. Sections through the brain are sampled
at a certain frequency (eg. every 12th section; A). The structure or region of interest
is outlined and locations (black dots) selected by the software in a systematic random
manner (B). Under high magnification the number of cells that fall within the box or
partially within but touching a green line are counted, while cells touching a red line
are excluded. Schematic diagram adapted from Paxinos & Franklin."

References

1. Mouton PR (2002). Principles and Practices of Unbiased Stereology: An Introduction
for Bioscientists. Baltimore: Johns Hopkins University Press.

2. Abercrombie M. Estimation of nuclear population from microtome sections.
Anatomical Record 1946;94:239-47.

3. Schmitz C, Hof PR. Design-based stereology in neuroscience. Neuroscience
2005;130: 813-31.

4. Geuna S. Appreciating the difference between design-based and model-based
sampling strategies in quantitative morphology of the nervous system. Journal of
Comparative Neurology 2000;427:333-9.

5. West MJ. Stereological methods for estimating the total number of neurons and
synapses: issues of precision and bias. Trends in Neurosciences 1999;22:51-61.

6. Pakkenberg B, Gundersen HJ. Total number of neurons and glial cells in human
brain nuclei estimated by the disector and the fractionator. Journal of Microscopy
1998;150:1-20.

7. on Bartheld CS (1999). Systematic bias in an "Unbiased" neuronal counting tech-
nique. The Anatomical Record 1999;257:119-20.

8. Calhoun ME, Wiederhold KH, Abramowski D, Phinney AL, Probst A, Sturchler-
Pierrat C, Staufenbiel M, Sommer B, Jucker M (1998). Neuron loss in APP trans-
genic mice. Nature 1998;395:755-6.

9. Insausti AM, Megias M, Crespo D, Cruz-Orive LM, Dierssen M, Vallina IF, Insausti
R, Florez ] (1998). Hippocampal volume and neuronal number in Ts65Dn mice: a
murine model of Down syndrome. Neuroscience Letters 1998;253(3):175-8.

10. Schmitz C, Korr H, Heinsen H. Design-based counting techniques: the real problems.

Trends in Neurosciences 1999;22(8):345.
. Paxinos G, Franklin KBJ (2001). The Mouse Brain in Stereotaxic Coordinates, 2nd
Ed. London: Academic Press.

1

—_

Editorial Board and contributors

Roger Barker is co-editor of ACNR, and is Honorary Consultant in
Neurology at The Cambridge Centre for Brain Repair. His main area of
research is into neurodegenerative and movement disorders, in particular
parkinson's and Huntington's disease. He is also the university lecturer in
Neurology at Cambridge where he continues to develop his clinical
research into these diseases along with his basic research into brain repair
using neural transplants.

Alasdair Coles is co-editor of ACNR. He has recently been appointed to
the new position of University Lecturer in Neuroimmunology at Cambridge
University. He works on experimental immunological therapies in multiple
sclerosis.

Stephen Kirker is the editor of the Rehabilitation section of ACNR and
Consultant in Rehabilitation Medicine in Addenbrooke's NHS Trust,
Cambridge. He trained in neurology in Dublin, London and Edinburgh
before moving to rehabilitation in Cambridge and Norwich. His main
research has been into postural responses after stroke. His particular inter-
ests are in prosthetics, orthotics, gait training and neurorehabilitation.

David J Burn is the editor of our conference news section and Consultant
and Reader in Movement Disorder Neurology at the Regional
Neurosciences Centre, Newcastle upon Tyne. He runs Movement Disorders
clinics in Newcastle upon Tyne. Research interests include progressive
supranuclear palsy and dementia with Lewy bodies. He is also involved in
several drugs studies for Parkinson's Disease.

Andrew Larner is the editor of our Book Review Section. He is a
Consultant Neurologist at the Walton Centre for Neurology and
Neurosurgery in Liverpool, with a particular interest in dementia and cog-
nitive disorders. He is also an Honorary Apothecaries' Lecturer in the
History of Medicine at the University of Liverpool.

Alastair Wilkins is our Case Report Co-ordinator. He is Specialist Registrar
in Neurology in Cambridge. His main research interests are the study of
axon loss in multiple sclerosis and the molecular biology of axon-glia inter-
actions in the central nervous system.

Roy O Weller is ACNR's Neuropathology Editor. He is Emeritus Professor
of Neuropathology, University of Southampton. His particular research
interests are in the pathogenesis of Multiple Sclerosis, Alzheimer’s disease
and Cerebral Amyloid Angiopathy.

International editorial liaison committee

Professor Riccardo Soffietti, Italy: Chairman of the Neuro-Oncology
Service, Dept of Neuroscience and Oncology, University and S. Giovanni
Battista Hospital, Torino, Italy. President of the Italian Association of Neuro-
Oncology, member of the Panel of Neuro-Oncology of the EFNS and
EORTC Brain Tumour Group, and Founding member of the EANO
(European Association for Neuro-Oncology).

Professor Klaus Berek, Austria: Head of the Neurological Department of
the KH Kufstein in Austria. He is a member of the Austrian Societies of
Neurology, Clinical Neurophysiology, Neurological and Neurosurgical
Intensive Care Medicine, Internal and General Intensive Care Medicine,
Ulrasound in Medicine, and the ENS.

Professor Hermann Stefan, Germany: Professor of Neurology /
Epileptology in the Department of Neurology, University Erlangen-
Niirnberg, andspecialises in the treatment of epilepsies, especially difficult
to treat types of epilepsy and presurgical evaluation, including Magnetic
source imaging (MEG/EEG) and MR-Spectroscopy.

Professor Nils Erik Gilhus, Norway: Professor of Neurology at the
University of Bergen and Haukeland University Hospital. Research Dean at
the medical faculty, and Chairman for the Research Committee of the
Norwegian Medical Association. He chairs the scientist panel of neuroim-
munology, EFNS, is a member of the EFNS scientific committee, the World
Federation of Neurorehabilitation council, and the European School of
Neuroimmunology board. His main research interests are neuroimmunol-
ogy and neurorehabilitation.

ACNR * VOLUME 6 NUMBER 3 = JULY/AUGUST 2006 | 23





