
1299

Anatomical Methods for Voxelation of the Mammalian
Brain*
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Voxelation allows high-throughput acquisition of three-dimensional gene expression patterns in the
brain through analysis of spatially registered voxels (cubes). The method results in multiple volumetric
maps of gene expression analogous to the images reconstructed in biomedical imaging techniques. An
important issue for voxelation is the development of approaches to anchor correctly harvested voxels
to the underlying anatomy. Here, we describe experiments to identify fixation and cryopreservation
protocols for improved registration of harvested voxels with neuroanatomical structures. Paraformalde-
hyde fixation greatly reduced RNA recovery as judged by ribosomal RNA abundance. However, gene
expression signals from paraformaldehyde-fixed samples were not appreciably diminished as judged
by average signal–noise ratios from microarrays, highlighting the difficulties of accurate quantitation
of cross-linked RNA. Additional use of cryoprotection helped to improve further RNA recovery and
signal from fixed tissue. It appears that the best protocol to provide the necessary resolution of neuro-
anatomical information in voxelation entails a controlled dose of fixation and thorough cryoprotection,
complemented by histological staining.
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INTRODUCTION

Genome-wide acquisition and analysis of gene ex-
pression patterns will be a necessary informational infra-
structure for understanding of the brain at the molecular

level. The advent of microarray technology renders this
goal feasible. One recently developed approach for
genome-scale acquisition of brain gene expression patterns
employs microarray analysis of spatially registered voxels
(cubes) harvested from the brain (1,2). The method is
called voxelation and results in multiple volumetric maps
of gene expression analogous to the images reconstructed
in biomedical imaging techniques, such as computed
tomography (CT), positron emission tomography (PET),
and magnetic resonance imaging (MRI).

Voxelation has been employed to analyze gene ex-
pression patterns from the human and rodent brain (3–6).
The human studies examined both normal brains and those
from individuals with Alzheimer’s disease (4), whereas
the mouse studies investigated the normal brain and brains
from mice in which a model of Parkinson’s disease had
been induced using toxic doses of methamphetamine (3).
These studies yielded large amounts of data, and a number
of analytical techniques were employed to extract insights
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Table I. Volume of Solutions Perfused in Each Condition

Saline* Fixation† Cryoprotection‡

Condition (ml) (ml) (ml)

1 11–22 — —
2 11–22 — 67
3 11–22 67 —
4 11–22 67 67

* Ice-cold phosphate-buffered saline (PBS).
† 4% paraformaldehyde in PBS (pH 7.4).
‡ Each of 10%, 20%, and 30% ice-cold phosphate-buffered sucrose

solutions (pH 7.4).

from the data. Clusters of genes were identified with cor-
related expression patterns, as well as genes that differed
significantly between control and experimental samples
across all voxels. In addition to these analyses, singular
value decomposition was also employed. This mathemati-
cal technique is an exploratory approach that relies on no
pre-existing hypotheses or notions concerning the data.
Singular value decomposition identified clusters of genes
(gene “vectors”) that most efficiently explained the vari-
ance in the data. These gene vectors showed interesting
regional patterns of expression, and their associated genes
may play an important role in differentiation of the mouse
and human brain (3,4). In addition, singular value decom-
position identified a gene vector that showed a significant
spatial shift away from the striatum in the normal mouse
brain toward the hippocampus in the Parkinson’s brain (3).
These results suggest that high-throughput acquisition of
gene expression patterns in combination with singular
value decomposition has the potential to identify function-
ally abnormal neuroanatomical regions in neurological
disease states. The use of analysis of variance (ANOVA)
was found to produce results consistent with those from
singular value decomposition (5).

The initial voxelation studies of the human brain
employed a resolution of approximately 1 cm3 (4), whereas
the studies of the rodent brain employed an average
volumetric resolution of 7.5 �l. To obtain higher resolution
voxelation images of gene expression for the human and
rodent brain, instrumentation is required to allow spatially
registered harvesting of miniaturized voxels. Two such
devices have been constructed; the instrument for the
human brain results in voxels of size 87 �l, whereas the
instrument for the rodent brain results in voxels of 1 �l (6).

The voxelation approach is facilitated by a precise
anatomical characterization of harvested voxels. To date,
voxelation studies have used fresh tissue slabs, but a draw-
back of this approach is the deformation of the tissue dur-
ing the process of physical voxelation, which can hinder
registration of voxels to the underlying neuroanatomy.
Although this is not a major problem for low-resolution
studies, it becomes a significant factor at higher resolution.

The process of fixation improves tissue resilience,
and it is a prerequisite for morphologically accurate neuro-
anatomical maps produced by sectioning and histological
staining (7). Cryopreservation is also necessary if histo-
logical sections are harvested from frozen specimens (8);
this technique favors RNA preservation as it circumvents
treatment with chemical solvents. The introduction of fix-
ation and cryopreservation protocols should therefore
improve the resolution of the voxelation technique and
help provide a very detailed neuroanatomical reference
system for the localization of gene expression.

In this report, we describe experiments to evaluate
the utility of paraformaldehyde fixation and cryopreser-
vation using graded solutions of sucrose in order to
improve the registration of brain gene expression images
obtained through voxelation with the neuroanatomy.

EXPERIMENTAL PROCEDURE

Perfusion Protocol. Adult C57BL/6J male mice (10 to 24 weeks,
25 to 31 g) underwent intracardiac perfusion under deep halothane
anesthesia. For each animal, the vasculature was cleared with
11–22 ml of ice-cold phosphate-buffered saline (PBS) solution. Vari-
ous perfusion protocols were then applied in order to test the effect
of 4% paraformaldehyde and graded sucrose solutions on the quality
of RNA recovered from brain tissue.

In the control condition, the perfusion was limited to PBS solu-
tion (condition 1). In the next condition (cryoprotected; condition 2),
mice were additionally perfused with 67 ml of 10%, 20%, and 30%
ice-cold phosphate-buffered sucrose solutions (pH 7.4). The sucrose
solutions were each perfused for 45 min. In the next experimental con-
dition (fixed; condition 3), in addition to the PBS perfusion, 67 ml of
4% paraformaldehyde in PBS (pH 7.4) was perfused for a period of
45 min. In the last condition (fixed and cryoprotected; condition 4),
fixation and cryoprotection were combined; that is, perfusion with PBS
was followed by 4% paraformaldehyde and then graded solutions of
sucrose, as described above. This complete protocol lasted approxi-
mately 190 min. All investigated conditions are summarized in Table I.

After perfusion, brains were removed from the skull and the
hemispheres separated and immediately frozen in chilled isopentane.
Tissue blocks were kept at �70°C before RNA testing and histolog-
ical processing.

Electropherogram. Total RNA quality was assessed by micro-
capillary electrophoresis using the Agilent BioAnalyzer 2100 (Agilent
Technologies, Palo Alto, CA, USA). Evaluation of 18S and 28S RNA
peaks and background noise were employed for this purpose.

Microarrays. Microarrays containing 22,172 cloned genes from
the National Institute on Aging 15k cDNA clone set, mouse
sequence-verified clones from Research Genetics, and several con-
trol genes were generated by the Vanderbilt Microarray Shared
Resource (VMSR). Full gene lists and protocols are available at
http://array.mc.vanderbilt.edu. Briefly, all cDNA clones were ampli-
fied (9) and verified by gel electrophoresis. The dried polymerase
chain reaction (PCR) products were then resuspended in 40 �l
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VMSR buffer A (Vanderbilt Microarray Shared Resource, Nashville,
TN, USA) resulting in an average concentration of 400–700 �g ml�1

per product. The PCR products were then transposed to 384-well
plates and robotically arrayed using a BioRobotics MicroGrid II
microarray printing robot (Apogent Discoveries, Hudson, NH, USA)
onto polylysine-coated glass slides (Cel Associates, Pearland, TX,
USA). The microarrays were cross-linked using 80 mJ of ultravio-
let energy (Stratgene Stratalinker, La Jolla, CA, USA). After cross-
linking, the arrays were baked for 2 h at 70°C in a standard oven
and stored under low humidity conditions until use.

RNA Isolation, Labeling, and Hybridization. Total RNA was iso-
lated using the RNeasy Lipid Tissue Mini Kit column (Qiagen, Hilden,
Germany). Frozen samples were placed in QIAzol Lysis Reagent
(Qiagen) and homogenized using a Tissue-Tearor homogenizer
(BioSpec Products, Bartlesville, OK, USA). Subsequent steps were done
according to the manufacturer’s instructions. To produce targets for
hybridization to the cDNA microarrays, 10 �g of total RNA was labeled
with fluorescent nucleotides by chemical coupling after reverse tran-
scription. The total RNA was mixed with 6 �g of anchored oligo-dT
(5�-TTTTTTTTTTTTTTTTTT VN-3�) and incubated at 70°C for
10 min followed by 10 min at 4°C in a total volume of 18 �l. The
denatured and annealed RNA was then reverse transcribed in a 30-�l
reaction mix containing reaction buffer (50 mM Tris-HCl, 75 mM KCl,
3 mM MgCl2, pH 8.3), 10 mM dithio-threatol, 200 �M dATP, dGTP,
dCTP, 51 �M dTTP, 149 �M amino-allyl-UTP (Sigma, St. Louis, MO,
USA), and 200 U SuperScriptII reverse transcriptase (Life Technolo-
gies, Gaithersburg, MD, USA). The reactions were incubated at 42°C
for 2 h. After incubation, 10 �l of 1 M NaOH and 10 �l of 0.5 M
EDTA was added to degrade the remaining template RNA and the
samples incubated at 70°C for 10 min. The reaction was neutralized by
the addition of 10 �l of 1 M HCl followed by 300 �l of Qiagen Buffer
PB (PCR Cleanup kit, Qiagen, Valencia, CA, USA). Reactions were
purified using Qiagen’s PCR cleanup kit following the manufacturer’s
directions with the substitution of 80% ethanol for Qiagen’s PE buffer
and water for Qiagen’s EB buffer. Following purification, individual
samples were desiccated, resuspended in 7 �l 0.1 M sodium bicarbonate
buffer, and chemically coupled to monofunctional reactive cyanine dyes
(Amersham Biosciences, Buckinghamshire England). Unbound cyanine
dyes were removed by purification with Qiagen’s PCR cleanup kit as
described above. After purification, the labeled samples were combined
to Cy3–Cy5 pairs, desiccated, and resuspended in 100 �l hybridization
buffer (25% formamide, 5X SSC, 0.1% SDS, 10 �g yeast tRNA, 10 �g
poly A RNA, 1 �g human COT-1 DNA). Immediately prior to
hybridization, the microarrays were prehybridized in a solution of 5X
SSC, 1% SDS, and 1% BSA at 55°C for 45 min. After prehybridization,
the arrays were vigorously washed in ddH2O to remove all traces of
the prehybridization solution, rinsed in isopropanol, and dried at room
temperature. The samples were denatured at 95°C for 2 min and placed
on the prehybridized arrays, covered with Lifterslip coverslips (25 mm
� 60 mm, Erie Scientific, Inc., Portsmouth, NH, USA), placed in a
hybridization chamber (Corning, Acton, MA, USA) with 30 �l hybridi-
zation buffer to maintain humidity, and incubated at 42°C for 16 h in
a standard hybridization oven. After hybridization, the arrays were
washed in 2X SSC to remove the coverslips, placed in 2X SSC, 0.1%
SDS at 55°C with agitation for 5 min, then washed with two successive
5-min washes with 1X SSC and 0.1X SSC at RT. The washed arrays
were dried by centrifugation at 50 � g for 5 min and immediately
scanned using a GenePix 4000B microarray scanner (Axon Instruments,
Union City, CA, USA).

RNA Samples Used for Microarray Analysis. Total RNA (10 �g,
except for the fixed sample) labeled with Cy3 or Cy5 was cohy-
bridized to microarrays. Control RNA was used to facilitate interar-

ray comparisons and was labeled with Cy5. The control RNA was
from normal C57BL/6J mouse brain that had been perfused with saline
but not fixed or cryoprotected (condition 1). The fixed sample (condi-
tion 3) required special treatment. A total of only 1.7 �g was recov-
ered (according to UV absorption measurements), so in order to have
balanced fluorescence signals, equal amounts of DNA product after
RT (�0.12 �g) were used for the Cy5-labeled sample (condition 1)
and for the Cy3-labeled sample (fixed; condition 3). The data was not
normalized, and all scatter plots (see Fig. 2) show raw data.

Histological Staining. Tissue samples were cut frozen on a Leica
CM3050-S cryostat (Bannockburn, IL, USA). A series of semi-thin
sections (50 �m) were stained with Thionine (Nissl stain) and imaged
with a Nikon DX1200 (Japan) mounted on an Olympus Macro-AX70
microscope (Melville, NY, USA).

RESULTS

All experimental conditions were performed twice
using the same methods (UV absorption measurements,
microcapillary electrophoresis, and microarrays) and pro-
vided very similar results. Representative results are
shown.

RNA Recovery

The amount of RNA extracted from saline-perfused
(condition 1), cryoprotected (condition 2), fixed (condi-
tion 3), as well as fixed and cryoprotected (condition 4)
brains was quantitated using UV absorption measure-
ments. Similar amounts of RNA were extracted from
the saline-perfused and cryoprotected specimens (condi-
tions 1 and 2); both with acceptable A260/A280 ratios �
1.7 (RNA in water in all conditions). In contrast, RNA
recovery from the fixed tissue (condition 3) appeared to
be greatly diminished (�0.005% of recovery compared
to conditions 1 and 2), with an A260/A280 ratio � 1.2,
indicating poorer quality RNA. However, when cryopro-
tection was combined with paraformaldehyde fixation
(condition 4), good RNA recovery was again obtained
(comparable to the saline-perfused and cryoprotected
specimens), with an A260/A280 ratio � 1.7.

Integrity of RNA

The Agilent BioAnalyzer was used to investigate fur-
ther recovery and quality of RNA from cryoprotected,
paraformaldehyde-fixed, and fixed and cryoprotected brain
compared to saline-perfused brain. The BioAnalyzer
assesses recovery and quality of RNA by quantitation of
28S and 18S ribosomal RNA peaks compared to back-
ground. The height of the peaks gives an assessment
of recovery, whereas the ratio of 28S/18S peaks and
background levels give an indication of integrity. The
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Fig. 1. Recovery and quality of brain RNA assessed using the Agilent BioAnalyzer 2100. (A) Saline-perfused brain (PBS) (condition 1).
(B) Saline-perfused and cryoprotected (sucrose-perfused) brain (condition 2). (C) Saline-perfused and 4% paraformaldehyde (PFA)-fixed brain
(condition 3). (D) Saline-perfused, 4% PFA-fixed, and cryoprotected (sucrose-perfused) brain (condition 4). (E) Gel-like display of Agilent
Bioanalizer 2100 results for all samples.

results of the BioAnalyzer analysis are shown in Fig. 1.
Compared to saline-perfused brain (Fig. 1A), RNA recov-
ery from the cryoprotected brain (Fig. 1B) was excellent,
with very little degradation and a 28S/18S ratio � 1.35
(vs. a 28S/18S ratio � 1.44 for saline, both good ratios).
It is notable that this quality of RNA was obtained even
though a total of approximately 2.5 h elapsed between sac-
rifice and sample freezing. This is consistent with the lit-
erature, where it is reported that the quality of RNA from
human brains depends on brain pH, a measure of pre-
mortem condition, rather than postmortem interval (10–13).

In contrast to the PBS-perfused and cryoprotected
tissues (conditions 1 and 2, respectively), RNA from
paraformaldehyde-fixed specimens (condition 3) showed
significant decreases in recovery compared to the saline-
perfused brain (Fig. 1C). In addition, there was evidence
for RNA degradation (no peaks detected). These obser-
vations are consistent with published reports that used
denaturing agarose gel electrophoresis to show that para-
formaldehyde treatment decreased both the recovery and
quality of RNA extracted from brain (14–17).

Unexpectedly, brains that were cryoprotected
after 4% paraformaldehyde perfusion (condition 4) showed
excellent RNA recovery. The yield of the RNA was com-
parable to brains perfused with saline solution only or cryo-
protected only (not fixed) (conditions 1 and 2), with a 28S/
18S ratio � 1.15 and only a little higher degradation as
shown by the Agilent Bioanalyzer result (Fig. 1D).

Microarray Analysis of Brain RNA

One possible explanation for the unexpected results
concerning recovery of RNA from fixed tissues is that
paraformaldehyde is a cross-linking agent, and the cross-
linked RNA may not be able to enter agarose gels or the
Agilent BioAnalyzer. This would give the incorrect im-
pression of diminished recovery and/or degradation, which
was the explanation provided in the literature (14–16).
Consistent with the notion that paraformaldehyde cross-
links but does not degrade RNA, this fixation method is
commonly employed for in situ hybridization and does not
seem to appreciably degrade RNA in that setting.
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As a test independent of gel electrophoresis or the
BioAnalyzer, a microarray analysis of RNA recovered
from the four types of brain sample was performed. The
results are shown in Fig. 2. One experiment compared Cy3-
labeled cryoprotected brain RNA to Cy5-labeled saline-
perfused brain RNA. A log–log scatter plot comparing the
two channels displayed excellent linearity (Fig. 2A). In
addition, the average signal-to-noise ratio for both chan-
nels was comparable (3.2 � 0.9 for Cy5, 3.8 � 1.1 for
Cy3). Another experiment compared paraformaldehyde-
fixed brain labeled with Cy3 to saline-perfused brain RNA
labeled with Cy5 (Fig. 2B). Though the recovery and qual-
ity of RNA used for the fixed brain channel was greatly
diminished as judged using UV absorption measurements
and the BioAnalyzer, log–log scatter plots displayed good
linearity except for a perceptible bias at lower intensities
(Fig. 2B). The average signal-to-noise ratio was again
comparable for both channels (3.1 � 0.9 for Cy5, 3.4 �
0.7 for Cy3) despite the fact that only 1.7 �g of RNA was
nominally used for the fixed brain RNA channel (Cy3).
The signal-to-noise ratio for the paraformaldehyde channel
was thus much better than would be expected from the UV
absorption measurements or Bioanalyzer results. Finally,
RNA from the brain that was fixed and cryoprotected
(Cy3) compared to PBS-perfused brain RNA (Cy5)
showed good results, with similar average signal–noise
ratio for both channels (3.2 � 0.8 for Cy5, 3.8 � 1.2 for
Cy3) and good linearity in a log–log scatter plot (Fig. 2C).

Histological Staining

In order to asses histological quality, sections cut
from brains that underwent the complete perfusion pro-
tocol (saline, paraformaldehyde, and cryoprotection; con-
dition 4) were stained for neuronal cell bodies according
to the Nissl method (Fig. 3). Microscopic inspection of
the section revealed excellent morphology and differen-
tiation of the stain. Neuroanatomical territories classically
revealed by the Nissl stain were clearly delineated. There
was no appreciable difference between the material that
was cut frozen immediately after perfusion and that which
underwent the canonical histological preparation where
specimens were allowed to post-fix in paraformaldehyde
and sink in 30% sucrose (note that the specimen sinks in
the cryoprotecting solution when the tissue is saturated).

DISCUSSION

In this report, we examined the use of paraformal-
dehyde fixation and cryoprotection as techniques to help
registration of harvested voxels with neuroanatomy.

Compared to saline-perfused brain, cryopreservation did
not result in any appreciable decrease in RNA recovery
or quality. This was demonstrated by UV absorption
measurements, BioAnalyzer data, and signal-to-noise
ratios obtained from a 22,172 cDNA microarray. In con-
trast, paraformaldehyde fixation greatly reduced both the
yield and the integrity of recovered RNA as judged by
UV absorption and the Bioanalyzer. But when analyzed
using a microarray, it was found that the paraformalde-
hyde-fixed samples still retained much more signal than
would have been expected. The apparently misleading
reduction in the amount of RNA from fixed brain as
judged by UV absorption and the Bioanalyzer may be a
consequence of RNA cross-linking by the paraformalde-
hyde. This cross-linked RNA would fail to enter a gel
matrix such as that used by the Bioanalyzer and would
give the erroneous impression of degraded RNA. This
point of view was in fact advanced by studies described
in the literature that assessed integrity of RNA from fixed
tissues using agarose gel electrophoresis (14–17). How-
ever, the microarray data reported here suggests that the
RNA is not degraded by the paraformaldehyde fixation
but remains intact and can be labeled for analytic pur-
poses. These observations are consistent with the fact that
paraformaldehyde fixation is routinely employed for in
situ hybridization.

The combination of buffered saline, paraformalde-
hyde, and sucrose perfusion appeared to yield very good
results in terms of RNA quality as compared to brain
samples that had only been fixed. These observations sug-
gest that the sucrose gradient perfusion helped recover
the RNA signal from the paraformaldehyde-fixed tissue
as judged by UV absorption and the Bioanalyzer and is
consistent with the idea that the RNA is not largely
degraded by the paraformaldehyde fixation.

As the resolution of voxelation is improved, regis-
tration between the underlying neuroanatomy and the
harvested voxels will become increasingly important.
At lower levels of resolution, visual inspection of fresh
or fresh-frozen sections is sufficient. However, the
inherent low contrast of these specimens makes it dif-
ficult to identify boundaries between structures of small
size or subtly different microscopic anatomy. Two fac-
tors that can improve neuroanatomical labeling of har-
vested voxels include cryopreservation and fixation.
Both processes improve the resilience and integrity of
brain slices and help minimize deformation during
voxelation. Crucially, proper use of these methods also
allows the use of histological stains to improve contrast
in the voxelated section. Methods already exist for
histological staining of tissue compatible with recovery
of RNA for gene expression profiling (18). Aldehyde



1304 Sforza, Annese, Liu, Levy, Toga, and Smith

Fig. 2. Comparing transcript profiles from saline-perfused, cryoprotected, paraformaldehyde-fixed, and paraformaldehyde-fixed and
cryoprotected brain. (A) Comparison of transcript profiles from cryoprotected brain (Cy3) and saline-perfused brain (Cy5). (B) Comparison of
transcript profiles from paraformaldehyde-fixed brain (Cy3) and saline-perfused brain (Cy5). (C) Comparison of transcript profiles from
paraformaldehyde-fixed and cryoprotected brain (Cy3) and saline-perfused brain (Cy5).
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Fig. 3. Histology. (A) Detail of a coronal section from paraformaldehyde-fixed, cryoprotected, and Nissl-stained mouse brain. Note the
excellent differentiation of the stain in the cortex that allows discrimination of cortical layers (CC � corpus callosum; CPu � caudate-putamen).
(B) Localization of the selected region showing the boundaries of several neuroanatomical structures (blue rectangle). A relative size
comparison of low (7.5 �l) and high (1 �l) resolution voxels is indicated (black squares).

fixation and cryoprotection should afford the use of a
wider variety of histological stains to permit resolution
of finer neuroanatomical detail.

In conclusion, our results indicate that the optimal
strategy for obtaining good-quality RNA and anatomical
information from voxelation is to use both paraformalde-
hyde fixation and cryopreservation complemented by
histological staining to increase contrast and to provide a
robust template for neuroanatomical segmentation.
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