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Abstract
Quantification of nerve fibers in peripheral and central nervous systems is important for the
understanding of neuronal function, organization and pathological changes. However, current
methods to quantify nerve fibers are resource-intensive and often provide an indirect measurement
of nerve fiber density. Here, we describe an automated and efficient method for nerve fiber
quantification, which we developed by making use of widely available software and analytical
techniques, including Hessian-based feature extraction in NIH ImageJ and line intensity scan
analysis. The combined use of these analytical tools through an automated routine enables reliable
detection and quantification of nerve fibers from low magnification, non-uniformly labeled
epifluorescence images. This allows for time-efficient determination of nerve density and also
comparative analysis in large brain structures, such as hippocampus or between various regions of
neural circuitry. Using this method, we have obtained accurate measurements of cholinergic fiber
density in hippocampus and a large area of cortex in mouse brain sections immunolabeled with an
antibody against the vesicular acetylcholine transporter (VAChT). The density values are
comparable among animals tested, showing a high degree of reproducibility. Because our method
can be performed at relatively low cost and in large tissue sections where nerve fibers can be
labeled by various antibodies or visualized by expression of reporter proteins, such as green
fluorescent protein in transgenic mice, we expect our method to be broadly useful in both research
and clinical investigation. To our knowledge, this is the first method to reliably quantify nerve
fibers through a rapid and automated protocol.
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1. Introduction
Neurons are connected to each other and function through a vast network of circuits made
up of axons and dendrites. In the central nervous system (CNS), these axons and dendrites,
also called nerve fibers, are either locally distributed or travel for long distances across
different brain regions, such as cortico-cortical interconnections between the left and right
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hemispheres (Nieuwenhuys et al., 1998). Current research has revealed numerous subtypes
of nerve fibers expressing distinct cell markers. The fiber densities of individual subtypes
vary significantly in different regions of the brain, reflecting physiological function of the
regions and circuit strength, as well as aging and pathological changes. Various diseases,
such as autosomal dominant cerebellar ataxia, amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease (AD), Huntington’s disease (HD) and Parkinson’s disease (PD) are
known to be associated with pathological changes in nerve fiber density (Geula and
Mesulam, 1996; Li et al., 2009; Schols et al., 2004; Tandan and Bradley, 1985; Vonsattel
and DiFiglia, 1998). Thus, it is necessary to develop efficient tools for the quantitative
assessment of nerve fiber density as it provides important insight into physiological
functions as well as disease development and recovery.

However, quantitative determination of nerve fiber density is challenging, especially for
measuring nerve fibers in large areas of tissue sections. The traditional way of counting
fibers manually via grid-based methods is both time consuming and labor intensive. In
addition, fluorescence immunolabeling and transgenic expression of reporter proteins, such
as green fluorescent protein (GFP) are commonly used in modern research, which greatly
improve the identification and visualization of specific types of nerve fibers.

However, these approaches have introduced new challenges for nerve fiber quantification.
Often, immunolabeling experiments are done using relatively thick tissue sections. For
example, free-floating sections are usually 25 to 50 µm-thick, which retain good spatial
orientation of nerve fibers in large regions as well as reduce the number of sampling
sections. However, immunofluorescence labeling is often non-uniform in these sections.
Furthermore, images taken from common epifluorescence microscopes from relatively thick
sections are often blurred due to out-of-focal-plane fluorescence signals, making distinction
of fine nerve fibers difficult. While thinner tissue sections, such as 2–7 µm-thick sections
could limit blurred fluorescence and uneven staining, it is difficult to determine the spatial
orientation of nerve fibers. To obtain sample regions that are equivalent to those of thick
sections, researchers would have to increase the number of sections processed, which would
consume more labor and time. For density measurement of fluorescently labeled nerve fibers
in thicker sections, confocal microscopy is generally used to obtain sharp images of nerve
fibers, which requires expensive equipment and highly trained personnel. Further, confocal
images are often limited to small areas in tissue sections.

Recently, in a study investigating the effect of nerve growth factors on spinal afferent
sprouting, a computer-assisted fiber quantification technique was used in which nerve fibers
were identified by an edge-detection filter and the images were converted to binary images
for density measurement (Ramer et al., 2007). However, this method can cause distortions
resulting in artifacts in the binary images (Grider et al., 2006). More recently, the
conventional edge detection filter has been replaced by Hessian image filters before binary
conversion (Grider et al., 2006), because Hessian-filtering extracts line-like structures
(Hladuvka and Groller, 2002) and is more suitable to detecting nerve fibers. The binary
image conversion by a threshold level fails to pick up weakly labeled fibers, resulting in
under-counting of nerve fibers. Further, the previous computer-assisted methods often use
an indexing approach to quantify the fibers, which does not count the actual number of
fibers. The indexed values provide the only information of total amount of fibers in the
measured area (Liu et al., 2009; Ziehn et al., 2010). One potential problem of this type of
measurement is that in the same size of image area, a smaller number of fibers with large
diameters would generate an indexed value similar to that of a large number of fibers with
small diameters. Therefore, the indexed value may not represent the actual number of fibers.
Furthermore, the use of expensive software programs also limits their application.
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We sought to develop an automated method to directly and objectively quantify nerve fiber
density in both epifluorescence and confocal images in a fast and cost-effective manner. We
first modified the line intensity scan analysis technique, which has been widely used in
scanning densitometric analyses wherein the intensity of a spatially discrete signal is plotted
along the length of a ‘scan’ through the region of interest. Our modified line-intensity scan
allows us to reliably and efficiently detect and quantify fluorescently labeled nerve fibers in
brain tissue sections. In addition, we made use of Hessian-based feature extraction and
baseline adjustment to overcome the limitation of blurred signals and uneven labeling in
epifluorescence images, allowing a subtraction of unwanted background. We used a
computerized routine to automatically generate fiber counts from line scans in processed
images. We have stringently evaluated our method in the hippocampus and cerebral cortex
using low magnification epifluorescence images, where cholinergic fibers are fluorescently
labeled with an anti-VAChT antibody and have obtained reliable and consistent results. We
also performed line scans in images taken with both conventional epifluorescence and
confocal microscopes and compared the fiber density values, which are highly comparable.
Further, we demonstrated that our method is capable of distinguishing cell bodies from
nerve fibers labeled by the same antibody. Thus, our newly developed method provides a
reliable and both cost- and time-efficient means to quantify density of nerve fibers.

2. Materials and Methods
2.1. Animals

Three to six months old C57BL/6 mice of both genders were used in this study. All animal
care and experimental procedures were approved by the Institutional Animal Care and Use
Committee of the University of Maryland, Baltimore County.

2.2. Immunhistochemistry
The procedure for immunohistochemistry was adapted from our previous studies (Ogura et
al. 2010, 2011). Briefly, mice were anesthetized and transcardially perfused with 0.1 M
phosphate-buffered fixative containing 0.019 M L-lysine-monohydrochloride, 3%
paraformaldehyde, and 0.23% sodium m-periodate. The brain tissue was removed and
postfixed for 1.5 hours before being transferred into 0.1 M phosphate-buffered saline (PBS,
pH 7.4) with 25% sucrose overnight at 4°C. The tissue was embedded in optimal cutting
temperature (OCT) compound (Sakura finetek USA Inc, Torrance CA) and cut sagittally
using a cryostat (Microm international, Walldorf, Germany) into 35µm-thick free-floating
sections.

Brain sections were incubated in PBS buffered blocking solution containing 2% normal
donkey serum, 0.3% Triton X-100 and 1% bovine serum albumin for 1.5 hours, followed by
incubation with a primary antibody against VAChT (1:500, Sigma) for 48–72 hours at 4°C.
The sections were rinsed and incubated with a secondary antibody conjugated with Alexa
555 (Invitrogen, Eugene, OR) for 1 hour at room temperature before being washed and
mounted on slides.

2.3. Image acquisition
Low magnification fluorescence images were taken using an Olympus BX 41
epifluorescence compound microscope equipped with a Retiga 4000R digital camera
(Qimaging, British Columbia, Canada) and Image-Pro Plus 6.2 (Media cybernetics,
Bethesda, MD). The image resolution was 1.86 µm/ pixel with a 4× objective lens. We used
the same parameters for image capture, including exposure time and camera gain, which
obtain a good dynamic range of grayscale for all the images obtained from different sections
and animals. Confocal fluorescence images were taken using an Olympus BX 61
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epifluorescence microscope equipped with a spinning disc confocal unit and Hamamatsu
Orca-AG digital camera (Hamamatsu Photonics, Japan). Slidebook 4.0 software (3i, Denver,
CO) was used for confocal image capturing and processing. The confocal image resolution
was 0.64 µm/ pixel with a 10× objective lens. We took all the images under the same
exposure time, camera gain, and neutral density filter. Also, we used the same optical
section step (0.4 µm) and imaged almost the same thickness for all the sections (Z-stack
thickness: 22.0 to 22.8µm). The confocal Z-stack images were then processed to display
maximum projection images, which were used for our data analysis. All the epifluorescence
and confocal images were saved as 8-bit gray scale TIF format.

2.4. Image processing
2.4.1 Hessian-based image filter—Mathematically, fluorescently labeled fibers can be
represented as curvilinear structures possessing local intensity variations (minima or
maxima). Such local intensity extrema can be detected using a Hessian matrix, which
describes the second-order information or curvature of these intensity variations (Sato et al.,
1998). Thus, image-filtering based on the Hessian matrix specifically extracts line-like
information from the input image. Accordingly, fluorescence images were feature-extracted
for VAChT-labeled nerve fibers through a Hessian-based filter in NIH ImageJ (version 1.44)
software plugin, FeatureJ (Meijering, 2003). Several parameters are selectable in this plugin.
Based on the best results obtained with our “line-scan profile analysis” described in the
paragraph below, we selected the following parameter options empirically: 1) “Largest
eigenvalue of Hessian tensor” option, and 2) “Absolute eigenvalue comparison” option, and
set the “Smoothing scale” factor to 0.5. This setting generates a resulting image of largest
eigenvalues after comparing the absolute values of the Hessian matrices. We chose the
absolute comparison option since the change in sign (positive or negative) of the intensity
value, depending on the curvature along a line is irrelevant to our purpose of fiber count.
The resulting images were converted to 8-bit before line scan analysis.

2.4.2 Binary image conversion—We compared our approach of Hessian-based image
filter with the method described in Grider et al. (2006), which used the same ImageJ plugin,
but with different filter parameters. Grider et al. generated images by using the “smallest
eigenvalue” setting of the Hessian tensor and keeping the default value of 1 for the
“smoothing scale factor”. In addition, they converted processed images to binary images
with “auto” threshold setting in ImageJ. For comparison, we applied their technique to our
raw images and performed fiber density measurement on the raw, binary processed images
as well as the processed images obtained using our method.

2.5. Line scan profile analysis
2.5.1 Line Scan—Lines were drawn using ImageJ’s “line tool” through the region of
interest (ROI). Either straight or segmented line could be drawn depending on the
morphology of the brain structures. Pixel Intensity along the line was plotted using the “Plot
Profile” tool. We conducted two series of scans for each ROI. The first set of scans was
parallel to the outer edge of the brain structure under investigation, which we refer as
“parallel scan”. The second set of scans was performed perpendicular to the “parallel” scans
at equidistant points along the outer edge of the brain structure in order to sample the entire
region. We refer to these scans as “perpendicular scans”. Background line scans were taken
from a region of the corpus callosum immediately dorsal to the hippocampus in the images,
where we observed no detectable VAChT labeling. All line scan data was imported into
MATLAB (version 2011a, MathWorks, Natick, MA) for further analysis.

2.5.2 Baseline adjustment—The line scans were baseline-adjusted in MATLAB.
Baseline estimation depends on how peaks (signal) are distinguished from background. We
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used the "msbackadj" command of the MATLAB bioinformatics toolbox to estimate the true
baseline of the line scans. Using this command, the baselines are determined based on the
Expectation-Maximization algorithm. This method classifies the data points into two groups
(background and peaks) both of which have a normal distribution. The mean value of the
background class is treated as the final estimated baseline. For fiber-density measurements
using longer scans greater than 200 µm in length, we employed a window-size of 10 and 25
datapoints in 4× and 10× images, respectively, which roughly equals 20 µm in length. For
fiber density measurements using shorter scans, 5 datapoints in 4× image, which is about 10
µm in length, was employed. We chose these criteria empirically based on how stringently
the baseline was adjusted. The MATLAB algorithm performed this baseline adjustment in
steps of desired size across the entire length of the scan. We chose a step-size equal to the
window-size for baseline adjustment. For fiber intensity value distributions, we included a
“PreserveHeights” condition as part of the baseline adjustment algorithm to more effectively
preserve the intensity values of peaks counted.

2.5.3 Peak detection—Intensity matrices with adjusted baselines were then processed
through a peak-detection algorithm, “mspeaks” in MATLAB to detect fibers represented as
intensity peaks on individual line scans. Average background intensity obtained from the
scans in the corpus callosum was used as the threshold-filter and local maxima above the
threshold in adjusted line-scans were deemed to be peaks. The total number of peaks was
then divided by the length of each line to yield the average number of peaks per µm scan.

2.5.4 Volume density calculation—For each ROI in the image, peaks per µm from
parallel and perpendicular line scans were averaged separately to obtain the average number
of peaks per µm along the parallel (x) or perpendicular (y) line scan vectors (Nx and Ny,
respectively). To estimate fiber density per volume, we obtained the product of Nx and Ny,
taking into account the thickness of the section (z). The value of tissue thickness for the 4x
epifluorescence images was taken directly from the cryostat setting. For confocal images,
the thickness value was the confocal Z-distance. Final values for volumetric fiber density
obtained through measurements on the 4X epifluorescence images were calculated using the
following formula:

(Equation 1)

In eqn. 1, Dv is volumetric fiber density and z is thickness of the section in µm. To account
for the random orientation of fibers, we included a factor of cos45° in the denominator
(Soghomonian et al., 1987). To account for optical losses in signal as well as attenuated
epifluorescence signal from fibers deeper in tissue, we introduced a dimensionless empirical
factor ε, which was calculated by comparing average number of peaks per µm line scan in
ROIs of images obtained from epifluorescence to values obtained from confocal imaging.
This factor was estimated prior to all the measurements and ranged from 1.4–1.6.

2.5.5 Calculation of difference in linear density—Linear scan density was
represented as linear density per 10 µm, i.e., Nx or Ny multiplied by a factor of 10.
Difference between parallel and perpendicular fiber components was calculated using the
following equation:

(Equation 2)

Values obtained from eqn. 2 could be negative or positive, e.g., for any Nx and Ny, a higher
perpendicular fiber component (Nx; detected by the parallel scan) would yield a positive
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value of difference and higher parallel fiber component (Ny; detected by the perpendicular
scan) would yield a negative value of difference. Note that the directional nature of the fiber
component (running parallel or perpendicular to the outer edge of the brain component e.g.
hippocampus) is detected by the scan vector perpendicular to it.

2.5.6 Fiber intensity histogram—Fiber/peak intensities measured in each line scan was
normalized to maximum values obtained in a particular image. The bin size for the intensity
histogram was 0.1 a.u. (arbitrary unit of normalized fluorescence intensity)

2.5.7 Full width at half-height (FWHH) measurements—For each peak, the intensity
value and the full width at half-height (FWHH) of that peak, were obtained as an output of
the peak detection algorithm. The FWHH correlates directly to the width or diameter of the
objects, which can represent either nerve fibers or cell bodies in our study. For the FWHH
histogram of fibers in the molecular layer of dentate gyrus (MolDG), bin size equals 0.1µm.
Using Origin 6.1 graphing software (Origin Lab, Northampton, MA), data were fitted to a
multi-peak Gaussian function.

2.6. Statistical analysis
An independent or unpaired Student’s t-test was used to compare fiber scan densities. One-
way ANOVA was used to determine the significance of the difference between parallel and
perpendicular fiber density components. Tukey’s multiple comparison test was used as
posthoc test for the ANOVA. Data obtained from two separate tissue sections at least 210
µm apart from the same mouse were averaged, and then the averaged data from 3–4 mice
were used for the statistical analysis. In figures, a single asterisk (*) denotes p<0.05 and
double asterisks (**) denote p<0.01. Statistical analyses were performed using Origin 6.1
graphing software and Prism 2.01 (GraphPad software, La Jolla, CA).

3. Results
3.1. Extraction and enhancement of curvilinear features of fluorescently labeled nerve
fibers in low magnification images

Quantifying fluorescently labeled nerve fibers in conventional epifluorescence images using
automatic computerized routines is challenging. One major problem is uneven fluorescent
labeling. We fluorescently labeled cholinergic fibers in sagittal mouse brain sections, using
an antibody against the cholinergic maker VAChT. In a typical low magnification
epifluorescence image of VAChT taken with a 4× objective lens, numerous labeled
cholinergic fibers were seen in the hippocampus and cortex (Fig. 1A). Whereas many fibers
exhibited very strong fluorescence labeling, some are relatively weak. Another major
problem is the presence of background fluorescence signal, which is mostly caused by
scattered fluorescence and non-specific staining. These uneven background signals result in
low S/N (signal to noise) ratio and low dynamic range of the fluorescence label. We applied
a line intensity scan to an enlarged raw image from a cortical region (Fig. 1B). In the line
scan (Fig. 1E top scan), fluorescence intensity along the line drawn on the image was
profiled and nerve fibers were detected and quantified as individual intensity peaks in the
profile. Due to low S/N and low dynamic range of the raw epifluorescence image, some
fibers with low intensity value did not appear as distinct peaks in the line scan profile and
failed to be detected. To improve the S/N ratio, we tested a published method which
incorporated image-filtering. Grider et al., (2006) had used a Hessian-filtering approach to
better detect axonal densities from fluorescence confocal images of the serotonergic system.
In their method, a raw image is processed using FeatureJ plugin (Meijering, 2003) based on
a “non-absolute” Eigenvalue comparison in Hessian-based approach, to enhance curvilinear
features, namely nerve fibers, and then converted to a binary image. We applied the Grider
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et al. method to process the raw image (Fig. 1B). The binary image is shown in Fig. 1C, in
which the S/N ratio is significantly increased. However, a line intensity scan of
approximately 200 µm across the test-region in the binary image revealed a number of false
negatives, as compared to the raw image line scan profile (Fig. 1E middle vs. top). This
result clearly indicates that Grider et al., method is not suitable for quantifying nerve fibers
in low magnification epifluorescence images. Since the low intensity signals were lost
mainly due to the binary conversion, we did not convert our images. Instead, we tried to
optimize the parameters of the feature-extraction plugin FeatureJ to increase the rate of true
positives in line intensity scans. We manually evaluated the accuracy of the fiber count in
the processed image by different parameter settings and compared them to the count from
the raw image. We found that the largest eigenvalue image generated by absolute eigenvalue
comparison with a smoothing scale factor of 0.5 (as opposed to the default value of 1.0)
exhibits a drastic enhancement of nerve fiber feature-extraction due to a higher S/N ratio and
better resolution between fibers (Fig. 1D, Absolute eigen). The line scan profile from the
absolute eigenvalue image shows more distinct peaks (i.e. better resolution, see Fig 1E,
bottom line-scan), which is highly useful for accurate fiber count by both manual and
automated methods. Because most manual methods involve observer-bias, we employed a
computer-assisted automatic peak detection algorithm (see next section for automatic
counting). Thus, our technique is superior in feature-extracting nerve fibers in terms of both
higher S/N ratios and better resolution between fibers, which result in more accurate fiber
counts by computer-assisted line intensity scan profile analysis.

3.2. Determination of cholinergic fiber density in the cortex using automated line-intensity
scan analysis

We next evaluated our method with high stringency by applying our absolute-eigenvalue
Hessian protocol and line scan to quantify the density of VAChT-positive cholinergic fibers
in a large cortical region in 4× low magnification epifluorescence images. We obtained
images of VAChT immunolabeling in sagittal brain sections 0.4–0.5 mm lateral to the mid-
plane. In all images, we defined a 800 µm × 400 µm window as region of interest (ROI) in
layer II/IV of the retrosplenial granular cortex (RSA) (Fig. 2A), as determined from the
mouse brain atlas (Paxinos and Franklin, 2001). The three parallel scans conducted were
spaced 100 µm apart and the three perpendicular scans were spaced 200 µm apart (dashed
lines in Fig. 2A). We obtained line intensity profiles for each of the scans. Representative
scan profiles from the parallel and perpendicular scans are shown in the top line profiles in
Fig. 2B and C, respectively. In each of the profiles, the intensity values were normalized to
the highest intensity value from a set of scans in the same images. In the normalized line
intensity profiles (Fig 2B and C upper line profiles), the variable levels of the baseline
across the scan length were calculated using MATLAB function msbackadj (the calculated
baseline is shown as the smooth lower line marked with filled circles) and subtracted from
individual corresponding intensity values. This baseline adjustment generates a uniform
baselines across the scan length (Fig 2B and C, lower line profiles), allowing the use of a
threshold for peak detection. The threshold value was the average intensity value from a set
of line scans conducted through the corpus callosum, where we observed negligible VAChT
immunoreactivity. We applied the threshold value (marked as a horizontal line in Fig. 2B
and C, lower line profiles) above which local maxima were treated as peaks (Fig 2B and C,
asterisks). We used the automatic peak detection routine of MATLAB, “mspeaks”, to
generate fiber counts. Fiber counts from 3 parallel scans and 3 perpendicular scans were
averaged, respectively, which yielded average fiber counts in two orientations (Nx and Ny).
We then applied the values of Nx and Ny to the equation (1) in method section 2.5.4. to
calculate the volumetric fiber density. The average cholinergic fiber density in the cortical
region measured from the Absolute-eigenvalue image is presented in Fig. 2D. For
comparison, we also conducted the same line scans and calculated the fiber density from the
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original raw images and the binary processed images using the method of Grider et al.,
(2006). Density values obtained in raw and binary images are significantly smaller than
those obtained in our optimized Absolute-eigen Hessian filtered images (** p<0.01, n=4
mice, Fig. 2D). To further evaluate the density values obtained in 4× epifluorescence images
processed with our approach of Absolute-eigen Hessian filtering, we obtained confocal
images captured using a 10× lens from the same tissue sections where the 4×
epifluorescence images were taken and applied our optimized Absolute-eigenvalue Hessian
feature extraction. The average fiber densities obtained from 4× epifluorescence images was
close to 85.5% of the values obtained from the 10× confocal images. The difference between
the two values is not statistically significant. In addition, we compared values obtained using
raw and binary processing paradigms for confocal images. The value from confocal Hessian
is not statistically significant from the value from confocal raw (paired t-test, p=0.073). But
the value from confocal binary is significantly lower than the value from confocal Hessian
(paired t-test, p=0.017), which demonstrates that the binary paradigm is inaccurate for low
magnification confocal images. These results indicate our technique can be used reliably to
measure fiber density in large areas in low magnification images with reasonable accuracy.

3.3. Comparing cholinergic fiber density among different hippocampal layers
Having established the reliability of our technique in measuring fiber density, we applied
this method to detect sub-regional variations in the cholinergic fiber density. We chose to
examine the hippocampus as it is a critical region, responsible for learning and memory
(Maguire et al., 2000; Squire et al., 1992). These functions are modulated by cholinergic
activities (Frotscher et al., 1986; Mitchell et al., 1982). We imaged fluorescently-labeled
VAChT nerve fibers in hippocampus using a 10× lens, which covered the entire
hippocampal region in saggital brain sections (Fig. 3A). The hippocampal layers we
analyzed included the pyramidal cell (Pyr), stratum radiatum (Rad), Lacunosum moleculare
layer (LMol), molecular layer dentate gyrus (MolDG) and granular layer dentate gyrus
(GrDG). For each of the five layers, we performed an individual parallel scan through the
center of the layers in images processed with Absolute-eigenvalue Hessian filter (Fig. 3A).
The length of the individual scans varied depending on the size of the layer (for Pyr, Rad,
LMol, MolDG and GrDg, ~1.5 mm, ~1.0 mm, ~0.3 mm, ~1.7 mm and ~1.3 mm,
respectively). Typical positions of the line scans in each individual layers are indicated in
Fig. 3B, which is enlarged from the dotted square in Fig. 3A. Fig. 3C shows individual scan
profiles from the dashed lines in Fig. 3B. We also obtained a parallel scan through the
corpus callosum (CC) for determining threshold level for automated peak detection. The
baseline intensity-adjusted parallel scans in 5 hippocampus layers demonstrate that the peak
numbers per µm line scan varied among the layers (Fig 3C). To further obtain volumetric
fiber densities, we also performed a series of six perpendicular scans approximately
equidistant from each other along the length of the parallel scans, which were through the
entire layers. The calculated volumetric fiber densities for VAChT fibers in each of the
hippocampal layers, using averaged fiber counts in parallel scans and perpendicular scans
(Nx and Ny, respectively) and the equation (1), are shown in Fig. 3D (n = 4 mice). We
observed highest fiber densities in the MolDG and the Pyr layers - 1787.3 fibers/(100 µm)3

and 1714.3 fibers/(100 µm)3, respectively. The LMol layer had the least density with 399.5
fibers/(100 µm)3. These values agree well with an earlier quantitative investigation of
cholinergic fiber density in the rodent hippocampus (Aznavour et al., 2002). Thus, our
method is sensitive and able to detect sub-regional changes in fiber density.

3.4. Determining gross orientation of the cholinergic nerve fibers in hippocampal layers
through differences in the parallel and perpendicular line scans

In addition to variations in fiber density, sub-regions may possess nerve fibers running
grossly in different directions. We compared the differences in the linear fiber scan density
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of the parallel (Nx) and perpendicular scan (Ny) in each hippocampus layer. Fig. 3E shows
that Pyr and LMol layers had a greater parallel fiber component, Layers Rad and MolDG
had close to no difference in orientation preference, which implies an equal contribution of
perpendicular and parallel fiber components. The GrDG, however, had a significantly higher
perpendicular component (p<0.01, One-way ANOVA with post hoc Tukey’s multiple
comparison test, n = 4 mice). The results were confirmed by manual observation of the
GrDG, where we noticed a stronger presence of fibers traversing the layer in a direction
perpendicular to the curvature of the outer edge than of parallel fibers.

3.5. Measuring inter-regional differences in fiber density across a large sampling area
In many cases, it becomes necessary to monitor fiber density in different regions of the brain
simultaneously. For example, in Alzheimer’s disease, cholinergic innervations are altered in
cortical as well as hippocampal regions (Bierer et al., 1995; Boncristiano et al., 2002;
Ransmayr et al., 1992). Using line scan profile analysis of low magnification (4X) Hessian-
filtered VAChT epifluorescence images, we can perform rapid and reliable fiber density
measurements for cholinergic fibers on a large scale. Fig. 4A is a fluorescence image of
VAChT labeling in cortical and hippocampal regions. We performed line intensity scan
analysis across cortex as well as hippocampus using an extended, individual perpendicular
line scan, totaling about 1900 µm. As shown in the overall view of perpendicular line scan
(Fig. 4B), as well as the enlarged views of the line scans for the 3 specific brain areas (Fig.
4C), the fiber densities and the intensity of fluorescence labels were different among these
brain regions. We calculated linear fiber density of 90 µm length of 3 specific areas; cortex,
cortical edge and corpus callosum, and hippocampus (labeled as y, y’, and y’’, respectively
in Fig. 4). The averaged fiber density of hippocampus (y’’) was significantly higher than
other two regions y and y’ (Fig. 4E, n = 3 mice). Similarly, we performed two parallel scans
through layers II and IV of the cortex labeled as X and X’ in Fig. 4A and scan profiles are
shown in Fig. 4D. We did not observe a significant difference in the averaged VAChT fiber
density between these two parallel scans (Fig. 4E, n= 3 mice). Our method is thus well
suited to examine fiber densities of large area of the brain regions and compare them in
different sample sections quantitatively and rapidly.

3.6. Determining VAChT fiber Intensity distribution
The line intensity scans shown in Fig. 4B and C also display differences in the intensity
levels of VAChT labeling among nerve fibers of various brain regions. Immunolabeling
intensity often indicates expression levels of a particular protein labeled. We can derive
functional implications for the protein expression by quantifying the fluorescence intensity
levels. Using the peak-detection algorithm of MATLAB, we analyzed 5 different brain
areas, similar to those shown in x, x’, y, y’ and y’’ in Fig. 4A, from images of three mice
and extracted the intensity of each fibers (peaks) detected in the line scans. Fibers were
grouped by their intensity value (bin size = intensity value of 0.1 a.u.) and the number of the
fibers in the same intensity levels were counted. The summarized data are plotted as a
histogram of fiber distributions for different intensity levels (Fig. 4F). The histogram
revealed that in all line scan areas except y’’, a considerable percentage of fibers (~20–50%)
have an intensity value less than 0.3 a.u. In the scan area y’’ in the hippocampus, the
distribution is broader with certain fractions reaching up to 0.7 a.u. This indicates VAChT is
expressed at higher levels in this region of the hippocampus than in the region of cortex
where we obtained measurements, supporting the greater functional significance of the
cholinergic system in the hippocampus.

3.7. Distinguishing objects of different sizes using line intensity analysis
In many cases, immunolabeling of a certain protein is not exclusive to nerve fibers (axons
and dendrites) as the somata are often labeled. Fig. 5A is a 10× confocal image from a mid-
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brain region, where both cell bodies and nerve fibers were fluorescently labeled with the
VAChT antibody. In such instances, it becomes useful to exclude the intensity peaks
representing the cell bodies in the line scan profile for nerve fiber count (Fig. 5B).
Fortunately, we can readily extract the “full width at half height (FWHH)” for each peak
detected by the built-in “mspeaks” algorithm of MATLAB. This value is a direct correlate of
the detected object’s (fiber or cell body) size and in some cases may closely match it. We
employed this strategy to count only fibers by excluding peaks above a certain FWHH and
intensity, because both size and intensity values of most VAChT fibers is smaller than those
of somata. In a line scan of approximately 300 µm across three cell bodies immunolabeled
for VAChT, we were able to distinguish soma peaks based on their unique combination of
high FWHH (> 3 µm) and a high intensity value (> 0.3 a.u) (Fig. 5C). Further, we sought to
use this approach as a tool for classifying fibers of varying sizes. We pooled FWHHs of
1397 peaks (nerve fibers) detected from parallel line scans of the MolDG layer of the
hippocampus in 10× confocal images (n = 3 mice, 4.8 mm total line scan length). We
constructed a FWHH histogram with 0.1 µm bins and fitted a Gaussian distribution with
multiple peaks. A 4-peak Gaussian fit resembled the data considerably well (Fig. 5D, solid
red line). Individual peaks yielded the average fiber diameters for each population of fibers
(Fig 5D, dashed red lines), which closely matched the observed sizes of axonal fibers in
earlier studies (Shepherd et al., 2002).

4. Discussion
We have demonstrated that our newly developed automated method, which makes unique
use of several broadly available software and techniques, can efficiently determine nerve
fiber density in fluorescence images. Using the method, we have obtained reliable and
reproducible nerve density measurement for VAChT fibers in large regions of the cortex and
hippocampus from brain sections with a high degree of stringency and efficiency. In
addition, we have demonstrated that our method can differentiate nerve fibers from cell
bodies immunolabeled by the same antibody, making computerized fiber count accurate.
Further, we have illustrated that our method is sensitive and efficient in detecting regional
changes in cholinergic fiber density across large brain regions. Thus, our method is
applicable to a wide variety of basic neuroscience research and clinical investigations. The
capability, efficiency and accuracy of our method represent a significant improvement over
currently available computer-assisted methods of nerve fiber quantification.

4.1. The advantages and improvements of our current method
A significant advantage of our technique is that it works well to quantify nerve fibers in low
magnification images without significant loss in efficiency as compared to the use of higher
magnification confocal images. This is mainly due to the usage of already built-in software
tools and techniques. One is the baseline correction algorithm, which makes reliable
baseline adjustment to overcome the problem of non-uniform signal intensity in
epifluorescence images. The other is a more efficient Hessian-based feature extraction that
we selected to enhance features of curvilinear nerve fibers. Another significant advantage of
our method is that it allows direct and objective measurement of nerve fiber density without
biases due to observer/examiner judgment. This is because our technique uses a threshold
intrinsic to the images to distinguish objectively between signal and noise. Although several
techniques are currently available for fiber density measurement, most of these methods
either yield indices, such as fluorescent intensity per area (Ziehn et al., 2010), area of fibers
per area of measurement window or a manually scored axon density index (Geula and
Mesulam, 1996). All of these methods provide an indirect quantitative measurement. In
addition, methods that yield fiber count per area or volume measured are subject to observer
bias. An example of such a method is the protocol conventionally used for quantifying
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intraepithelial nerve fiber density (IENFD) in skin biopsies (Lauria et al., 2010). Further,
these methods heavily depend on examiners and are labor intensive, time-consuming and in
some cases, expensive. Casanova-Molla et al. (2011) designed a semi-automated method to
better estimate axonal densities in biopsies of patients suffering from small fiber neuropathy
(SFN). However, the use of an examiner to count cutaneous axon fibers could not be
eliminated. Thus, existing methods are not sufficient to provide reliable fiber quantification
in a time-efficient and objective manner. We believe our method fulfills this need through a
highly flexible automated routine.

4.2. Principles and applications of Line intensity profile and hessian-based image filter
The two major techniques used in our method are well-established and have been used
widely. However, applying them in unique combination to quantify nerve fibers has not
been explored. The first is line intensity profile analysis, which has been employed in
chromatographic techniques, such as thin layer chromatography (TLC) and also in
electrophoretic techniques to quantify the amount of given unknown sample based on
known standard concentration curves (Ghosh et al., 1988; Kastner, 2000; Scott, 1995). The
second is Hessian-based filters, which have been used as an image-processing procedure to
enhance features of curvilinear structures, such as bronchi, brain vessels and portal veins
from medical images obtained through magnetic resonance imaging (MRI) and
computerized tomography (CT)(Frangi et al., 1998; Sato et al., 1998). The basic parameters
affecting hessian-filtering of images are choice of eigenvalue comparison and value of the
smoothing derivative. The Hessian-filter allocates an eigenvalue to each pixel based on its
initial intensity as well as its local position on the image. This conveys information about :
1) the “magnitude” or shape identity of an object (“blob” or “line”) and 2) the “direction” or
the local curvature (location on an object). Thus, a non-absolute filtering process yields a
Hessian image with sign-intact eigenvalues. Pixels belonging to a curvilinear object on the
concave part possess a positive eigenvalue and those on the convex part have a negative
value. For fiber density count, the curvature information is irrelevant. In fact, in our analysis,
we have noted that an absolute comparison of eigenvalues results in a higher signal to noise
ratio for fiber density analysis.

4.3. Reliability and accuracy of our method
We have tested our method on epifluorescence as well as confocal images processed with
Absolute-eigenvalue Hessian filter. The cholinergic fiber density measured from the cortical
region of the epifluorescence images is comparable to the density value measured from
similar region of the confocal images. The results are consistent and reproducible among
animals tested. In addition, our results are comparable to earlier quantitative studies of
cholinergic fibers in the rodent cortex (Mechawar et al., 2000) and hippocampus (Aznavour
et al., 2002). Although the methods used by these investigators are different due to the use of
non-fluorescence immunohistochemistry and a net length estimate of labeled axons, we can
nevertheless draw important parallels with our study. For example, the percent differences
of the length estimates of cholinergic axons according to Aznavour et al., 2002 in the
hippocampal layers of Pyr, Rad, MolDG and GrDG over the net axon length in the LMol
layer are 91%, 49%, 101% and 71% respectively. This trend is maintained in our results
with percent differences (in same order) of 127%, 90%, 124% and 58% over that of the fiber
density estimate in the LMol layer. It should be emphasized that our technique combines the
advantages of fluorescence immunolabeling (as compared to earlier detection techniques) as
well as a low magnification microscopy. As mentioned earlier, Casanova-Molla et al. (2011)
developed a method, allowing quantification of neuronal fiber density from confocal
immunofluorescence images of skin biopsies. However, confocal images usually are limited
to small areas. In this regard, we believe our technique to be more robust and highly
efficient in processing large ROIs.
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4.4. Factors and limitations influencing the accuracy of nerve fiber quantification
4.4.1 Resolution in low magnification images—Using a 4× objective lens for low
magnification immunofluorescence images has its distinct set of advantages, such as large
field of view, high focal depth and easy acquisition, however, it is not without its tradeoffs.
One obvious limitation is the image resolution, which directly affects fiber density
measurements. We tested our method with high stringency by using 4X images and were
able to mathematically enhance the “resolution” between closely spaced peaks to obtain
reliable and accurate measurement of fiber density. However, one cannot stretch this
technique beyond its obvious systemic constraints. This also means that one cannot readily
use low magnification images to obtain details such as FWHH to a high degree of precision.
This is reflected in our use of images captured through a 10× objective to investigate the
ability of our technique to obtain meaningful information about differences in nerve
diameters (Fig. 5E). Another tradeoff inherent to low-magnification epifluorescence images
has to do with the thickness of the tissue sections. We performed our immunolabeling
experiments using 35 µm thick free-floating brain sections so that the antibody has better
and even access to the tissues. Too thick a section can lead to uneven labeling, higher
background and lesser discrimination between peaks in low magnification images. Thus, in
order for a good imaging and analysis routine, the thickness of the tissue sections has to be
considered. In our calculations of fiber density, we have included the empirical constant ε,
which corrects for the optical limitation of the 4× objective and also accounts for the
thickness of the tissue sections and imaging settings used. Because the value of ε depends
on the combination of imaging techniques used, it may be different for different
experimental and laboratory settings. Although initially, for a given imaging setup, few
confocal images may be required for calculating the value of ε, this does not necessitate the
use of confocal imaging before the start of every experiment. Using ε, we can minimize the
difference and variability between different imaging settings, which allows comparison of
results from different studies.

4.4.2 Overlapping of fibers and cell bodies labeled by the same antibodies—In
order to obtain accurate measurements of neuronal fiber density, it is important that we can
separate intensity peaks of cell bodies from the peaks of nerve fibers. Using our technique
one can readily weed out the counts of extraneous effects of cell bodies, since they have a
larger diameter than fibers and their peaks on the line scan would consequently exhibit a
larger FWHH. It is important to note that a direct FWHH threshold can sometimes prove
ineffective since the line scan can pass through a nuclear region where there is little or no
immunoreactivity, leading to a double peak separated by a defined minimum (representing
the unlabeled nucleus, Fig. 5A). In such instances, it becomes useful to apply two thresholds
– intensity and FWHH. This follows from the assumption of differential immunolabeling
between the nerve processes and cell bodies, although this may not always hold up. In our
method we applied a threshold for intensity and FWHH, effectively eliminating the effects
due to cellular peaks. Further, we could even obtain a count of the cells encountered by the
line scan, for example, by dividing the plot in Fig. 5C into four quadrants obtained by the
FWHH and intensity thresholds. The points in the upper right quadrant represent a direct
count of cells but those in the lower right quadrant represent cells in the line scan separated
by the nuclear minimum. Ideally, the number of points in this quadrant divided by a factor
of two would yield the remaining number of cells encountered by the line scan.

4.4.3 Cross cut fiber counting—Immunolabeled fibers in tissue sections which are
“cross-cut” would appear circular rather than curvilinear. Marina et al (2010) describe a
semiquantitative method to quantify loss of axonal density in such cross-cut fiber images
using a “nucleus-counter” ImageJ plugin. Since we used low magnification images taking
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from 35 µm thick tissue sections and scanned large tissue areas, such encountering in our
line scan is much less frequent and loss in fiber count is minimal.

4.4.4 Unbiased sample selection—Since we focus on method development in this
study, we only sampled and analyzed limited tissue sections. For a truly unbiased and
thorough measurement of nerve fiber density, it is important to conduct measurement on
tissue sections systematically obtained and processed from the region of interest. For
example, processing of every sixth section of a region of interest may allow for more
unbiased sampling to be achieved.

4.5. Potential applications
The ability to quantify fluorescently labeled nerve fibers in large regions of tissue section is
advantageous and valuable for a wide variety of basic neuroscience research. In addition,
our method has a high potential to be used as a diagnostic tool for the measurement of nerve
fiber density in clinical applications. For example, as we showed in this study, we can obtain
accurate and reproducible measurement of cholinergic fiber densities in large cortical and
the hippocampal regions. Both these regions undergo changes in cholinergic fiber density
upon the onset or development of neurodegenerative diseases, such as Alzheimer’s
(Boncristiano et al., 2002; Bronfman et al., 2000; Geula and Mesulam, 1996; Ikonomovic et
al., 2007; Wong et al., 1999) and Parkinson’s (Jellinger et al., 1991; Kuhl et al., 1996) as
well as psychosocial conditions, such as addiction (Lehmann et al., 2004; Trauth et al.,
2000). Our technique can be readily used in a clinical setting or disease models to obtain
nerve fiber density estimates in a quick and reliable manner as opposed to observer/
examiner dependent estimates, which mostly yield an index of fiber density rather than a
count (Nolano et al., 2010). Also, many neurodegenerative disorders result in axon swelling
as well as alteration of the number and size of presynaptic boutons (Wong et al., 1999).
Marina et al (2010) used high magnification (63×) images for analysis and differentiated
between different kinds of damaged axons, such as those with thinner diameters. Our
protocol to differentiate between objects of different diameter/size corresponding to the
FWHH measurements can be very useful for quantifying such changes and guiding
diagnosis or prognosis, especially in images obtained from tissue biopsy. In addition, our
method can be applied in combination with the latest in vivo nerve imaging techniques, such
as diffusion tensor imaging (DTI) (Mandl et al., 2008) and high resolution optical coherence
tomography (OCT) (Bonin et al., 2010) to estimate changes in fiber density. Currently, in
vivo fluorescent nerve imaging is being developed using the rodent model (Misgeld &
Kerschensteiner, 2006; Whitney et al., 2011) and it is only a matter of time when such
techniques may be applied to study and treat the human brain in vivo. Future directions for
our automated method lie in the development of a real-time functional analysis suite,
working in conjunction with the aforementioned imaging techniques.

In summary, we have developed a tool to rapidly and reliably quantify neuronal fibers in
biomedical research as well as clinical settings using widely established software. This
technique can also be used for 1) global analysis of changes in density and intensity in large
areas of the brain or other tissue sections with a particular component labeled, and also for
2) fine analysis of diameters or sizes of particular subjects, such as nerve fibers and cell
bodies in a particular system. Further, our method is highly flexible and can be adapted and
modified according to research interest.

Highlights

We developed an automated method to quantify fluorescently labeled nerve fibers.
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Our method makes unique use of line intensity scan, NIH ImageJ plugin and built-in
peak detection algorithms of MATLAB.

Our method enables efficient and reliable nerve fiber density measurement in large tissue
areas from low magnification epifluorescence images.

We measured cholinergic nerve fiber density in cortical and hippocampal regions and our
results are accurate and highly reproducible.

Our method is highly adaptable and can be broadly useful in both research and clinical
investigation.
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Figure 1. Detection of individual fluorescently labeled nerve fibers in raw, binary and feature-
extracted images
(A) A low magnification epifluorescence image of VAChT-immunolabeled cholinergic
nerve fibers in the cortex and hippocampus. Dotted square: Area of the cortex enlarged in
panels B–D. (B) Raw image. (C) Binary image. This image was generated by binary
conversion of the raw image after smallest eigenvalues Hessian extraction using the method
of Grider et al (2006). (D) Absolute-eigen image. This image was obtained by processing
the raw image with the Hessian-filter plugin with parameter setting for the highest
eigenvalues and absolute comparison. Dotted lines (in panels B, C and D) indicate the
location of the line used for measuring the fluorescence intensity by line scan as shown in
panel E. (E) Nerve fibers are detected as intensity peaks in line scans from Raw image (top),
Binary image (middle) and Abslolute-eigen image (bottom). Vertical dotted lines correspond
to the peak locations of the line scan from Absolute-eigen image. Open circles indicate
peaks missed in the Binary image. Filled circles indicate peaks missed in the Raw image.
Note, Absolute-eigen image processing allows more efficient detection of nerve fibers as
peaks in line scans. Scale: A, 200 µm, B–D, 50 µm.

Sathyanesan et al. Page 17

J Neurosci Methods. Author manuscript; available in PMC 2013 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Density measurement of fluorescently labeled nerve fibers
(A) A raw image of VAChT-immunolabeled fibers in cerebral cortex captured with 4× lens.
Dotted lines indicate the location used for line scans. “D–V” denotes dorsal and ventral
directions. The 3 parallel scans (vertical dashed lines) are 100 µm apart. The 3 perpendicular
scans (horizontal dashed lines) are 200 µm apart. (B, top scan) A representative parallel line
scan in panel A with baseline displayed (lower line marked with filled circles). (B, bottom)
The same line scan after baseline-adjustment. Background intensity level is marked as a
horizontal line. Nerve fibers are marked as peaks (x) detected by MATLAB function
“mspeaks”. (C) A representative perpendicular line scan from panel A (top), and the
baseline adjusted line scan (bottom). (D) Bar graph showing average VAChT fiber densities
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obtained from the same set of images processed differently (n = 4 mice). Volumetric fiber
densities are calculated from the line scan analysis using equation 1. Data of Abosolute-
Eigen-Hessian, Raw and Binary images are obtained from 4× epifluorescence image
processed similarly shown in Fig. 1. Similar values of fiber density are obtained from 4×
epifluorescence and 10× confocal Abosolute-Eigen images. **; p<0.01. n.s.; not significant.
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Figure 3. Density measurements of cholinergic nerve fibers in the hippocampus
(A) An epifluorescence image of VAChT-immunolabeled fibers. Dotted square region
denotes the enlarged image in panel B. (B) Dotted lines in various layers indicate locations
of representative line scans shown in C. Only the parallel scans are shown. Corpus callosum
(CC). Pyramidal cell layer (Pyr). Stratum radiatum (Rad). Lacunosum moleculare layer
(LMol). Molecular layer dentate gyrus (MolDG). Granular layer dentate gyrus (GrDG). (C)
Line scans in different areas after baseline adjustment. CC is for determining background
intensity levels shown as dotted red lines. (D) Average values of VAChT fiber densities in
different layers of the hippocampus. For each layer, the density was calculated from one
parallel scan crossing through the entire layer and 6 perpendicular scans evenly distributed
across each layer. (n = 4 mice). (E) Plot of differences in linear densities between the
perpendicular and parallel scans, showing distinct orientation of the cholinergic fibers in
individual layers. Difference between fiber components was calculated using equation 2 of
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Method section 2.5.5. Perpendicular fiber component in GrDG is significantly higher than
the parallel fiber component (**; p<0.01). Scale: 200 µm.
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Figure 4. Quantitative comparison of density and intensity of fluorescently labeled nerve fibers
in large areas
(A) A raw image of VAChT-immunolabled fibers in cortical and hippocampal regions. (B)
A long perpendicular line scan from cerebral cortex to hippocampus, which is marked as a
vertical dotted magenta line in A. (C) Three sections of line scans labeled as y, y’ and y” in
panel A and B are enlarged. Fibers detected are marked with (*), showing differences in
both density and fluorescence intensity. (D) Two long parallel line scans in the cortex,
which is marked as two horizontal cyan dotted lines labeled as x and x’ in A. Straight dotted
lines in B,C, and D indicate background (threshold) level after the base line correction was
applied. (E) Graph of average linear densities of VAChT fibers in different areas (n = 3
mice). “n.s.”, not significant. * and **, p<0.05 and 0.01, respectively. (F) Histogram of
fibers with different intensity of VAChT-immunoreactivity. Note, in the y’’ line scan, a
higher fraction of fibers shows greater intensity of immunolabeling. Bin size is 0.1 intensity
(a.u.). Scale, 200 µm.
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Figure 5. Distinguishing different-size objects using line scan analysis
(A) A 10× confocal image of VAChT-immunolabeled fibers with cell bodies taken from the
mid-ventral brain. A dashed line indicates the location of line scan shown in B. (B) Line
scan across fibers and three cell bodies. “*” marks Intensity peaks. Cell 2 has two peaks due
to scanning through the nucleus where the intensity is low. Horizontal dashed line represents
threshold for peak detection. (C) Scatter plot of peaks in B. Cell bodies (red filled circle) can
be distinguished from fibers (blue open circle) based on both intensity value and full width
at half-height (FWHH) of the peaks. (D) Histogram of fiber FWHH, showing different
diameter of cholinergic fibers in MolDG layer. VAChT fibers are counted from the line
scans of 10× confocal images at MolDG layer of hippocampus from 3 mice (total 4.8 mm
scan). Location of line scan is shown in the inset image as a dotted line. The histogram is
fitted to four Gaussian distributions (4 dotted curves) based on the fiber FWHH. Scale, 20
µm and 200 µm in A and D, respectively.
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