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Calbindin-D28k is a more reliable marker of human Purkinje
cells than standard Nissl stains: A stereological experiment
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bstract

In a study of human Purkinje cell (PC) number, a striking mismatch between the number of PCs observed with the Nissl stain and the number
f PCs immunopositive for calbindin-D28k (CB) was identified in 2 of the 10 brains examined. In the remaining eight brains this mismatch was
ot observed. Further, in these eight brains, analysis of CB immunostained sections counterstained with the Nissl stain revealed that more than
9% Nissl stained PCs were also immunopositive for CB. In contrast, in the two discordant brains, only 10–20% of CB immunopositive PCs were
lso identified with the Nissl stain. Although this finding was unexpected, a historical survey of the literature revealed that Spielmeyer [Spielmeyer
. Histopathologie des nervensystems. Julius Springer: Berlin; 1922. p. 56–79] described human cases with PCs that lacked the expected Nissl

taining intensity, an important historical finding and critical issue when studying postmortem human brains. The reason for this failure in Nissl

taining is not entirely clear, but it may result from premortem circumstances since it is not accounted for by postmortem delay or processing
ariables. Regardless of the exact cause, these observations suggest that Nissl staining may not be a reliable marker for PCs and that CB is an
xcellent alternative marker.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nissl staining procedures, developed by Franz Nissl
1860–1919), have been used extensively to study neurons in the
entral nervous system. In the cerebellum, Nissl stained mate-
ial has been used to study several cell types, including Purkinje
ells (PCs), the output neuron of the cerebellar cortex. The data

n the current paper represents an incidental, but important find-
ng in two control brains when studying the cerebellar cortex
n autism. In this study, we first determined the density of PCs
n our sample of 10 brains. Additionally, we examined PC sub-
opulations based on calcium binding protein expression. Only

he calbindin-D28k (CB) data is discussed here since, consistent
ith our data, CB is reportedly present in “most” human PCs

Fournet et al., 1986) and “virtually all” squirrel monkey PCs
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165-0270/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2007.09.009
Fortin et al., 1998); hence, CB is an important PC marker for
omparison against Nissl stained PCs.

. Materials and methods

Cerebella that were immersion fixed in formalin were
btained from the Harvard Brain Tissue Resource Center, Kath-
een Price Bryan Brain Bank at Duke University Medical Center
nd University of Maryland Brain Bank. Six autistic and four
ontrol brains were included in the study. All control brains were
ree from gross pathology and were obtained from individuals
ith no history of neurological disorders. Case details are shown

n Table 1. All tissue sections were batch-processed in 4 groups
2 pairs, 2 triplets).
.1. Tissue processing

In each case, a 2 cm × 2 cm × 2 cm block of tissue cut perpen-
icular to the folia, was obtained from the cerebellar hemisphere

mailto:ewhitney@bu.edu
dx.doi.org/10.1016/j.jneumeth.2007.09.009
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Table 1
Case Information

Case # Group Age Sex Hemisphere PMI (h) Years in formalin Cause of death

Duke-495 Control 17 F Unknown Unknown Unknown Unknown
4104 Control 24 M Left 5 Unknown Gun Shot
4334 Control 53 M Right 23.75 3 Cancer
BCH-13 Control 30 M Left Unknown 6 Unknown
4414a,b Autism 26 M Left 47.68 2.5 Seizure
3845a,b Autism 32 M Left Unknown 4 Pancreatitis
4099 Autism 19 M Left 3 4.5 CHF
4259a,c Autism 13 F Left 18.36 4 Unknown
2431 Autism 54 M Left 4 8.5 GI bleed
3511a,d Autism 27 M Right 16 7.5 Trauma

Case information on autistic and control brains including: age, sex, hemisphere, postmortem interval (PMI), years in formalin and cause of death. Gastrointestinal
(GI), congestive heart failure (CHF).

a Seizure disorder.
b ®
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History of Dilantin use.
c History of Tegretol® use.
d History of Phenobarbital® use.

nferior to the horizontal fissure (Schmahmann et al., 2000).
ll tissue blocks were cryoprotected (Rosene et al., 1986) and

mbedded in an egg-albumin gelatin to minimize tissue dam-
ge (Crane and Goldman, 1979). They were then flash frozen
n −75 ◦C 2-methylbutane and placed in a −80 ◦C freezer for
t least 48 h before being serially sectioning on a sliding micro-
ome. Eighteen series were cut at 30 �m and two series were cut
t 60 �m so that sections within a series were spaced 660 �m
part. Sections were thaw-mounted onto gelatin-subbed slides,
ir-dried, and stored in a −20 ◦C freezer until the day they were
tained.

In each brain, one series was Nissl stained with thionin
Fisher Chemicals, Springfield, NJ) for 2.5 min in a solu-
ion prepared at a pH of 4.2. On-the-slide series were also
mmunostained using specially designed wells (PolyFab Inc.,
von, MA). The optimum antibody concentration was predeter-
ined (anti-calbindin: mouse monoclonal, 1:1000, from Swant
aboratories, Switzerland). Sections were pretreated in a 1%
ydrogen peroxide solution and a blocking serum. They were
hen incubated in the primary antibody for 48 h followed by

1-h incubation in a biotinylated secondary antibody (Vector
aboratories, Inc.). An avidin–biotinylated peroxidase com-
lex solution (ABC) was then added (Vector Laboratories, Inc.,
urlingame, CA) and the antigen was visualized using 3,3′-
iaminobenzidine as the chromogen. Sections were air-dried
vernight, lightly counterstained with thionin and coverslipped
ith Permount.

.2. Purkinje cell counts

Because of the inherent differences in the Nissl stained
nd CB immunostained sections, counting procedures were
ustomized accordingly. Stereological sampling principles,
owever, were maintained across all sections. Additionally,

he same equipment was used in all counting procedures; this
ncluded a Nikon Eclipse E600 microscope (Nikon Instruments
nc., Melville, NY), Optronics DEI-750 CE camera control unit
Optronics, Goleta, CA), MAC 2002 motor stage control unit

V
e
N
t

Ludl Electronic Products, Ltd., Hawthorne, NY) and computer
oftware from MircoBrightField Inc. (Williston, VT).

Both Nissl stained and CB immunostained PCs were counted
n nearly adjacent series of sections (300 �m apart). The PC
ayer was used as the region of interest (ROI) and, in all brains,
0 sections, equally spaced at 660 �m intervals were counted
or both stains. Within this ROI PCs were systematically sam-
led; the approach was based on the optical disector method
Gundersen, 1986; West et al., 1991) and ensures that all objects,
egardless of size, shape and orientation, have an equal chance of
eing counted. Minor modifications to the counting procedure,
s outline below, reflect the differences in the Nissl and CB
mmunostained sections; however, in all sections, the PC layer
as sampled using methodology that avoided double counting

n all planes.
For both stains, to avoid double counting in the z-axis, an

xclusionary plane at the top of the section was implemented.
his z-axis exclusionary plane was used instead of guard vol-
mes because sections with an original thickness of 30 �m, when
haw-mounted onto slides, shrink in the z-axis to 7.5–8.5 �m. At
his thickness and with the optics available it was not possible
o implement reliable guard volumes. While this does introduce
roblems due to lost caps (Hedreen, 1998), the same process was
sed in all cases and therefore, the relative difference between
ections is not affected.

For the Nissl stained sections, the nucleolus was used as the
ounting target as it is clearly distinguishable and prior work
as shown that PCs with more than one nucleolus are rare
Nairn et al., 1989; Mayhew et al., 1990). Because the size
f the PC nucleolus is relatively small, with a mean diame-
er of 3.6 �m in our material, a 60× oil-immersion objective
ens was used to identify the nucleolus. Prior to cell counting,
he length of the PC layer was measured using a 2× objec-
ive lens and software from MicroBrightField Inc., Williston,

T (Stereo Investigator®); this measurement provided the refer-

nce length, L(ref), which was later used to calculate #PCs/mm.
ext, the PC layer (ROI) was outlined, also using a 2× objec-

ive lens and Stereo Investigator® software. The magnification
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thionin and CB, PC counts on sections CB immunostained and
lightly counterstained with thionin revealed that 99.5% of PCs
in the control brains and 99.4% of PCs in the autistic brains that
stained with thionin were also CB immunopositive.

Table 2
Comparison of #PCs/mm in Nissl and CB stained sections

Cases Group Nissl (PC#/mm) CB (PC#/mm)

Duke-495 Control 5.8 5.4
4104 Control 1.2 5.3
4334 Control 0.4 4.0
BCH-13 Control 4.4 4.0
4144 Autism 0.4 0.5
3845 Autism 2.9 2.6
4099 Autism 3.5 3.3
4259 Autism 4.0 4.3
2431 Autism 4.8 4.3
3511 Autism 5.5 5.8

Comparison of the number of PCs per millimeter in Nissl stained and CB
immunostained sections in all cases (columns 3 and 4). Note the discrepancy
in PC number between Nissl stained and CB immunostained sections in con-
4 E.R. Whitney et al. / Journal of Ne

as then increased to a 60× oil-immersion objective lens. A
50 �m × 200 �m grid with a 75 �m × 100 �m counting frame
as used to randomly and systematically sample the ROI. To

void double counting in the x or y planes, the lower and left
orders (x and y) of the counting frame as well as their extended
dges were considered forbidden and PC nucleoli contacting
hese lines were not counted (Gundersen, 1986). The PC nucle-
li within the counting frame and those contacting the upper and
ight borders of the counting frame were included in the counts
Gundersen, 1986). After completing the counting in one frame,
he motorized stage shifted to the next counting frame. This pro-
ess was repeated until all counting frames within the ROI were
iewed.

The numerical density (Nv), was calculated as a ratio of the
otal number of PCs counted (

∑
Q) to the total disector vol-

me,
∑

v(dis); the latter is determined by the number of times∑
P) the disector hits the ROI reference space multiplied by

he disector volume v(dis).

v =
∑

Q
∑

v(dis)
=

∑
Q

∑
P × v(dis)

.

he estimated total number of PCs (N) in the region of inter-
st was then calculated as the product of Nv and the reference
olume, V(ref). The V(ref) was calculated as the product of the
utlined ROI (area) and section thickness.

= Nv × V (ref).

inally, the density of PCs (NL) along a known length of the PC
ayer, L(ref), was calculated:

L = N

L(ref)
.

L represents the number of PCs per millimeter (#PCs/mm).
ata is expressed as a density measure because tissue availability
id not allow us to exhaustively section the same folium across
ll brains.

In the CB immunostained sections, the soma was used as
he counting target since the nucleus and nucleolus are often
bscured by the dense immunoreaction product filling the soma.
he PC soma in our material, measured 34.4 �m × 27.1 �m

n height by width. As a result, PCs in these sections could
e reliably counted with the 40× objective lens. This lower
agnification made it feasible to count all PCs within the
OI and obtain the actual #PCs/mm rather than the estimated
PCs/mm without compromising stereological principles. First,
he length of the PC layer in the region of interest was mea-
ured using a 2× objective lens. The magnification was then
ncreased to a 40× objective lens with Nomarski optics. As
ith Nissl stained sections, PC somas in focus at the top of

he section were excluded to prevent double counting of cells.
owever, along the x and y axes, the examiner viewed the

ntire ROI in a step-wise and systematic manner; this is pos-
ible because of the organized nature of the PC layer. Along

hese dimensions, the leading edge of a PC was counted when
t entered the counting field. Once a PC was counted it was

arked by the computer and was not at risk of being counted
gain. In addition to counting CB immunolabeled PCs, PCs

t
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ience Methods 168 (2008) 42–47

oid of reaction product but visible with Nissl stain were also
ounted. The latter cells were marked as immunonegative. As
ith Nissl stained sections, the number of CB immunoposi-

ive PCs per unit length (NL) was calculated and expressed as
PCs/mm.

Finally, the percentage of CB immunopositive PCs
%PCCB+) was calculated as the ratio of CB immunopositive PC
umber (PCCB+) to the total PC number (CB immunopositive
nd CB immunonegative) (PCT) as follows:

PCCB+ = PCCB+
PCT

.3. Statistical analysis

The paired t-test statistic was used to determine if a signifi-
ant difference in PC density existed between Nissl stained and
B immunostained sections. Additionally, this same test was
sed to examine whether the postmortem interval (PMI) was
ignificantly different in brains that stained well with thionin
nd those that did not.

. Results

In 2 of 10 brains (cases 4104 and 4334) there was a paucity
f Nissl stained PCs but abundant PCs on nearly adjacent CB
mmunostained sections (sections spaced at 300 �m) (Table 2,
igs. 1 and 2). Paired t-test analysis of the #PCs/mm on Nissl and
B immunostained sections revealed a statistically significant
ifference in these two cases with P ≤ 0.01. In the remain-
ng eight brains, no significant difference in PC density was
bserved between Nissl stained and CB immunostained sections
P = 0.68). Further, in these eight brains that stained well with
rol cases 4104 and 4334 (bold/underlined). In brains 4104 and 4334 there
s a statistically significant difference in the number of Nissl stained and CB
mmunostained PCs (P < 0.01). In the remaining eight brains, no significant
ifference in PC number is noted between Nissl stained and calbindin-D28k
mmunostained sections (P = 0.68).
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ig. 1. Comparison of Nissl stained and Calbindin-D28k immunostained sect
ayer; (b) control brain 4334: PCs not visible in Nissl stained sections; (c) autisti
rain 3511: PCs clearly visible along the PC layer in Nissl stained sections. Sca
To determine if differences in the staining in cases 4104 and
334 could be due to PMI or years in formalin, further analy-
is was performed. Using the t-test statistic, the PMI for cases
104 and 4334 was compared with that of the eight well-stained

c
(
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y

ig. 2. Comparison of Nissl stained and Calbindin-D28k immunostained sections.
ayer; (b) control brain 4334: PCs not visible on Nissl stained section. Scale bar in (a
(a) Control brain 4334: CB immunopositive PCs clearly visible along the PC
n 3511: CB immunopositive PCs clearly visible along the PC layer; (d) autistic
in (a) represents 200 �m in all figures (a–d).
ases; this analysis revealed no statistically significant difference
P = 0.82). Because only one of the two cases with poor Nissl
taining had available data on years in formalin, statistical anal-
sis of time in formalin could not be performed; however, one

(a) Control brain 4334: CB immunopositive PCs clearly visible along the PC
) represents 50 �m in (a and b).
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f these cases, 4334, had one of the shortest periods in formalin
3 years) and thus, it seems unlikely that this could account for
he anomalous staining in this case.

Because of the staining issue, a spare series from these two
rains were stained with variations on the standard thionin pro-
ocol as follows: (1) sections remained in thionin from one to
8 h, (2) the pH of the dH2O wash carried out immediately prior
o immersion in thionin was increased to 8.0, 8.5, 9.0, 9.5, and
0.0 and (3) the pH of the thionin was increased from 4.2 to 5.2.
hese modifications did reveal additional PCs, but the staining

emained inadequate for stereology as the PC soma was very
ale in appearance and the nucleolus often not visible (Fig. 3).
dditionally, to ensure that the staining issue was not specific

o thionin, spare sections were Nissl stained with cresyl vio-
et (Chroma-Gesellschaft, Germany). The staining of PCs in
hese sections remained inadequate for accurate PC counts. This
ndicates that the stain and/or staining technique were not prob-
ematic. These data indicate that CB provides a more reliable

arker for total PC number than standard Nissl staining.

. Discussion

.1. Thionin staining

An unexpected finding was the failure of thionin to reliably
tain PCs in 2 of the 10 brains. Relative to the number of PCs
tained with CB, only 10% of PCs in case 4334 and 20% of PCs
n case 4104 were Nissl stained. Extensive modifications of the
hionin staining protocol failed to rectify this situation, suggest-

ng that it was not an artifact of the staining technique. Further-

ore, inadequacy of the Nissl stain is specific to PCs. The latter
oint is clearly illustrated in Fig. 3, which reveals the marked
ontrast in staining intensity in adjacent cerebellar cell types.

ig. 3. Modified thionin stained sections in control brain 4334: pH of water 10.5
rior to placing sections in thionin; sections remained in thionin ×48 h. Staining
f PCs is enhanced but remains suboptimal (arrow). Note the contrast in staining
ntensity in the granule cells (intensely stained) compared with the PCs (lightly
tained). Scale bar represents 50 �m.
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Consistent with our findings, Spielmeyer (1922) was the
rst to describe cases with deficient PC Nissl staining prop-
rties. Using postmortem human tissue, he identified cases in
hich Nissl stained PCs were uncharacteristically pale and
omogenous in appearance; this observation was in contrast
ther cerebellar cell types, which stained with normal inten-
ity. Based on case histories, Spielmeyer suggested that the
ltered staining intensity might be associated with fever, infec-
ion or general disease. Hypoglycemia (Lawrence et al., 1942)
nd ischemia (Blackwood et al., 1963) were later identified as
ossible causes for the pale appearance of Nissl stained PCs in
uman cases.

In the current study, the cases with insufficient PC Nissl stain-
ng (4101 and 4334) died from a gun shot wound and cancer,
espectively. While available records do not provide specific
ata, both cases may have been associated with a prolonged
ypoxic agonal state. PCs are particularly vulnerable to ischemia
Cervos-Navarro et al., 1991; Welsh et al., 2002) and associated
alcium-mediated excitotoxicity (Brorson et al., 1995; Mishra
nd Delivoria-Papadopoulos, 1999). Further, accumulation of
ntracellular Ca2+ ions has been associated with increased H+

on levels (Hartley and Dubinsky, 1993); this acidic environment
ay diminished the thionin–nucleic acid electrostatic linkage

nd negatively impact thionin staining. In our modified thionin
taining procedure, the increase in pH of the dH2O together with
he prolonged exposure to thionin, did reveal additional PCs;
owever, the enhanced staining was insufficient for accurate cell
ounting. We suggest that the enhanced PC staining may have
een related to the displacement of H+ ions from the nucleotide
inding site thus, exposing these sites to the chromophore. Con-
ersely, the failure of these PCs to stain with normal intensity
ay, in part, be the result of DNA and/or RNA degradation,
hich has been suggested to be associated with the acidosis that

ccompanies the hypoxic agonal state (Katsetos et al., 2001;
oss et al., 1992; Kingsbury et al., 1995). While this is a plausi-
le hypothesis, altered Nissl staining has not been identified in a
odent model of hypoxia (Katsetos et al., 2001). Thus, the cause
or the altered staining properties in human PCs may be more
omplex than the effect ischemia alone and, additional unknown
actors may also have contributed to this finding.

PMI must also be considered when using human tissue; how-
ver, the inadequate Nissl staining in cases 4104 and 4334 cannot
e fully explained by PMI. Although case 4334 did have one
f the longer PMIs (23.75 h), case 4104, had one of the short-
st PMIs (5 h). Similarly, our data does not directly point to the
ength of time in formalin since case 4334 was at the lower range
2.5–8.5 years) of our cases, with only 3 years in formalin. The
ime in formalin for case 4104 is unknown.

In summary, while the cause of the poor Nissl staining in two
ases is unknown, these observations highlight the vulnerability
f PCs and suggest extreme caution in interpreting PC counts
ased solely on Nissl stained material. Further, this work finds
hat CB is an excellent alternative marker for human cerebellar

Cs with more than 99% of PCs identified in well-stained Nissl
aterial also being immunopositive for CB, a finding that is

n general agreement with previous work (Fournet et al., 1986;
ortin et al., 1998).
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