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Abstract
Dysregulation of intracellular calcium homeostasis has been linked to neuropathological
symptoms observed in aging and age-related disease. Alterations in the distribution and relative
frequency of calcium-binding proteins (CaBPs), which are important in regulating intracellular
calcium levels, may contribute to disruption of calcium homeostasis. Here we examined the
laminar distribution of three CaBPs in rat perirhinal cortex (PR) as a function of aging. Calbindin-
D28k (CB), parvalbumin (PV), and calretinin (CR) were compared in adult (4 mo.), middle-aged
(13 mo.) and aged (26 mo.) rats. Results show an aging-related and layer-specific decrease in the
number of CB-immunoreactive (-ir) neurons, beginning in middle-aged animals. Dual labeling
suggests that the age-related decrease in CB reflects a decrease in neurons that are not
immunoreactive for the inhibitory neurotransmitter GABA. In contrast, no aging-related
differences in PV- or CR-immunoreactivity were observed. These data suggest that selective
alterations in CB-ir neurons may contribute to aging-related learning and memory deficits in tasks
that depend upon PR circuitry.
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1. Introduction
According to the calcium hypothesis of aging (Khachaturian, 1987, 1994; Landfield, 1987),
dysregulation of intracellular calcium ([Ca2+]i) homeostasis is a primary factor contributing
to aging-related learning and memory impairments in humans and other mammals. Animal
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studies have shown that dysregulation of intracellular calcium homeostasis can lead to
excitotoxicity and cell death (Choi, 1992, 1994). In hippocampal neurons, aging-related
increases in Ca2+-dependent membrane potentials can be acutely reversed by compounds
that block Ca2+ influx through L-type Ca2+ channels (Moyer and Disterhoft, 1994; Moyer et
al., 1992; Thibault et al., 1998). These same compounds also improve associative learning in
certain tasks in aged animals (Deyo et al., 1989; Disterhoft et al., 1993; Veng et al., 2003). A
number of cellular changes could theoretically contribute to Ca2+ dysregulation during
aging, including changes in voltage-dependent ion channels (Campbell et al., 1996; Foster,
2007; Thibault et al., 2001; Thibault and Landfield, 1996; Veng et al., 2003), mitochondrial
changes (Babcock et al., 1997; Kruman and Mattson, 1999; LaFrance et al., 2005; Leslie et
al., 1985; Nicholls, 1985), and changes in Ca2+ binding proteins or CaBPs (Amenta et al.,
1994; Bu et al., 2003).

The present study examines aging-related changes in three CaBPs—calbindin-D28k (CB),
parvalbumin (PV), and calretinin (CR)—that are thought to play an important role in
buffering excess intracellular Ca2+ (Baimbridge et al., 1992). All three of these CaBPs
belong to the same superfamily of E-F hand domain proteins (Heizmann, 1988; Yap et al.,
1999). In the brain, they are mostly found in non-overlapping populations of GABAergic
interneurons as well as in some pyramidal neurons (e.g., see Andressen et al., 1993;
Mikkonen et al., 1997; van Brederode et al., 1991; Van Brederode et al., 1990). Importantly,
CaBPs have been implicated in neurodegenerative diseases and impaired memory function.
For example, a reduction in CaBPs has been reported in humans diagnosed with
Alzheimer’s disease (AD, Mikkonen et al., 1999; Mikkonen et al., 1997). Furthermore,
calbindin-deficient transgenic mice are impaired on spatial-learning tasks and they fail to
maintain long-term potentiation (Molinari et al., 1996), which is a leading candidate
synaptic substrate for memory formation (Brown et al., 2004; Brown et al., 2008).

Immunohistochemical methods were used here to investigate the laminar distribution,
frequency, and morphology of neurons that are immunoreactive for CB, PV, and CR. The
specific focus was on perirhinal cortex (PR), partly because this is one of the first brain
regions to show neurodegeneration in Alzheimer’s disease (Braak and Braak, 1994, 1995;
Detoledo-Morrell et al., 1997; Dickerson et al., 2009; Juottonen et al., 1998; Van Hoesen
and Solodkin, 1994) and also because PR is well known to play a critical role in cognitive
and emotional aspects of learning (Bang and Brown, 2009; Barker et al., 2007; Bucci et al.,
2000; Buckley and Gaffan, 1998a, 1998b; Buffalo et al., 2006; Bussey et al., 2002; Eacott
and Norman, 2004; Eichenbaum et al., 2007; Furtak et al., 2007a; Hannesson et al., 2004;
Holdstock et al., 2000; Kholodar-Smith et al., 2008; Lindquist et al., 2004; Liu and Bilkey,
1998; Meunier et al., 1993; Murray et al., 2007; Parsana and Brown, in press; Squire et al.,
2007; Zola-Morgan et al., 1993). Understanding aging-related changes in CaBPs in animal
models may furnish insights into methods for minimizing neurodegeneration in humans.

2. Methods
2.1 Subjects

All experiments involved experimentally naïve male Sprague-Dawley (SD) rats (Charles
River, Kingston, NY). Rats were housed individually on a 12-hr day-night cycle (lights on at
7 a.m.), with free access to food and water. All procedures were carried out in strict
compliance with both National Institutes of Health and Yale Animal Resource Center
guidelines.

For the CB studies, 30 male SD rats (10 young, 10 middle-aged, 10 aged) were used as
subjects (mean age ± SD: young 4.3 ± 0.9 months, middle-aged 14.0 ± 2.7 months, aged
27.3 ± 2.4 months). Six of these rats (2 per age group) were used for the double-labeling
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studies described below. For the PV studies, 18 male SD rats (6 young, 6 middle-aged, 6
aged) were used as subjects (mean age ± SD: young 4.2 ± 1.6 months, middle-aged 13.2 ±
0.5 months, aged 27.0 ± 4.0 months). For the CR studies, 9 male SD rats (3 young, 3
middle-aged, 3 aged) were used as subjects (mean age ± SD: young 4.8 ± 0.5 months,
middle-aged 16.5 ± 0.9 months, aged 31.5 ± 3.7 months).

Rats were anesthetized with halothane followed by either Nembutal (80–90 mg/kg, i.p.) or a
combination of ketamine (100 mg/kg, i.p.) and xylazine (20 mg/kg, i.p.). Subjects were
perfused through the ascending aorta with 0.9% saline in 0.1 M phosphate buffered saline
(PBS) followed by a solution of 4% paraformaldehyde in PBS. The brain was carefully
removed and incubated in 4% paraformaldehyde in PBS at 4°C for 24 to 48 hr. Brains were
then transferred to a 30% sucrose / PBS solution for at least two days (until the brain sank to
the bottom of the container). Brains were then blocked and horizontal sections (50 μm) were
cut using a freezing microtome. Sections were then placed into individual wells containing
PBS and processed as described below.

2.2 Immunohistochemistry
Procedures for calbindin, parvalbumin, and calretinin labeling—Horizontal
sections containing PR were selected for staining. PR was defined according to the
coordinates of Burwell and colleagues (Burwell, 2001; Burwell and Amaral, 1998; Burwell
et al., 1995; Furtak et al., 2007c). Sections were limited to those corresponding to plates 98
through 100 of a rat stereotaxic atlas (Paxinos and Watson, 1998). Observations were
restricted to the rostro-caudal area of PR that is approximately −3.6 to −5.2 mm relative to
Bregma (Furtak et al., 2007b), a region that is unequivocally within PR (see Fig. 1).

Free-floating sections were incubated in 1% sodium borohydride (NaBH4) in PBS for 15
min, washed for 10 min in PBS, and incubated for 30 min in a solution of 10% normal goat
serum (NGS; Sigma, St. Louis, MO, USA) in PBS. Slices were then incubated in either the
primary anti-calbindin antibody (1:1000; mouse, monoclonal, C9848, Sigma), the primary
anti-parvalbumin antibody (1:1000; mouse, monoclonal, P3088, Sigma), or the primary anti-
calretinin antibody (1:1000; mouse, monoclonal, MAB1568, Chemicon International, Inc.,
Temecula, CA, USA) in PBS (with 0.2% Triton-X 100 and 3% NGS) overnight at 4°C.

Following primary antibody incubation, the slices were subjected to three consecutive 10
min washes in a solution of PBS/0.2% Triton-X 100. Sections were then incubated in the
biotinylated secondary antibody (1:200; goat anti-mouse, Sigma) in a PBS/0.2% Triton-X
100 solution for 1h, followed by three 10 min washes in the PBS/0.2% Triton-X 100
solution. The slices were then incubated in an avidin-HRP ABC solution (Vector Elite ABC
Kit; Vector Laboratories, Burlingame, CA, USA) for 2h, followed by three 10 min washes
in PBS/0.2% Triton-X 100 solution. Control slices were processed as described except that
primary antibody was excluded. Nonspecific staining was not observed. For each reaction,
tissue sections from an adult, middle-aged, and aged animal were processed simultaneously
as a cohort to control for any possible differences in the solutions or antibody
concentrations.

Immunoreactivity was visualized using a diaminobenzidine (DAB)-intensified horseradish
peroxidase reaction. The free-floating sections were immersed in a solution containing 10 ml
PBS with 5 mg DAB-tetrachloride (Sigma). Nickel sulfide (1% in water) and cobalt chloride
(1% in water) were added to all DAB solutions to intensify the stain. The solution was then
extracted, and the slices were re-immersed in the same DAB solution with the addition of 33
μl of 0.30% H2O2 for 10 min. The slices were subjected to three successive 10 min washes
in PBS and then placed in a solution of 4% paraformaldehyde in PBS overnight at 4°C. On
the following day, sections were washed in ascending concentrations of glycerol (40%, 80%,
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and 100%) for 15 min each and then mounted in 100% glycerol. Finally, sections were
coverslipped and sealed with nail polish.

Alternate sections were stained for Nissl (cresyl violet) to facilitate visualization of the
laminar organization of PR as well as surrounding landmarks. After staining, these sections
were covered with cytoseal 60 (Stephens Scientifics, Kalamazoo, MI, USA) and
coverslipped.

Procedures for calbindin and GABA double labeling—Brains were incubated
overnight at 4°C in 0.3% glutaraldehyde / 4% paraformaldehyde in PBS (also used during
perfusion) followed by three 10 min washes in PBS. Inclusion of glutaraldehyde with the
4% paraformaldehyde during fixation improves GABA-immunoreactivity (Hopwood, 1967;
Orkand and Kravitz, 1971) and has also been shown to improve CB-immunoreactivity in
amygdalar neurons (McDonald, 1997). Horizontal sections (75 μm) were cut using a
vibratome. Free-floating slices containing PR were incubated in 1% NaBH4 (15 min); PBS
(2X, 10 min each); 10% NGS (30 min). Slices were then incubated overnight in a solution of
3% NGS / 0.2% Triton X-100 / PBS with both anti-calbindin (mouse, Sigma) and anti-
gamma-aminobutyric acid (anti-GABA; rabbit, affinity isolated, A2052, Sigma) primary
antibodies each diluted 1:1000. Slices were then washed in PBS (2X, 10 min each) and
incubated for 2 hr (in the dark) in 10 μg/ml of fluorescent secondary antibodies (calbindin:
Alexa® Fluor® 488 goat anti-mouse IgG; GABA: Alexa® Fluor® 594 goat anti-rabbit IgG;
Molecular Probes, Eugene, OR, USA). Slices were rinsed in PBS (2X, 5 min each) and
mounted onto glass slides using ProLong® Antifade (Molecular Probes) mounting medium
and coverslipped. Sections were stored in the freezer until used.

Antibody specificity—The anti-CB antibody was derived from a clone of the CB-955
amino acid sequence and recognizes CB in human, bovine, goat, sheep, porcine, rabbit, dog,
cat, guinea-pig, rat and mouse. Technical information provided by Sigma remarks that this
antibody recognized CB (28 kDa) in immunoblots and did not react with other calcium-
binding proteins, including calbindin-D-9k. The anti-PV antibody was derived from a clone
of the PV-19 amino acid sequence and recognizes PV in human, bovine, goat, pig, rabbit,
dog, feline, rat, frog, and fish. Technical information provided by Sigma remarks that this
antibody recognized PV only and did not react with other calcium-binding proteins. This
antibody was also shown in muscle and brain tissue to only react with the PV (12 kDa) in
immunoprecipitation (Celio and Heizmann, 1981). The anti-CR antibody was derived from
recombinant rat calretinin and recognizes CR in human and rat. This antibody was shown in
ferret brain tissue to only react with CR (31 kDa) in immunoblotting (Fuentes-Santamaria et
al., 2005).

2.3 Quantification of immunoreactive neurons
Quantification of CB, PV, and CR immunoreactivity—A total of 51 rats from each
of the three age groups were used for quantitative analyses (8 rats per group for CB; 6 rats
per group for PV; 3 rats per group for CR). Alternate sections were used for analysis. Thus,
six sections (50 μm) containing PR were analyzed for each animal. Every CB-, PV-, and
CR-ir neuron within PR (as defined above) was counted by an individual blind to the age of
the animals. Cells were counted within each of the layers of PR (I, II/III, V, and VI) for each
hemisphere using a Zeiss Axioskop and a 10X air objective. Data from each section were
combined (by layer and by total count) to obtain an estimate of the total number of
immunoreactive cells in PR for each rat. Individual neurons were reconstructed using a
drawing tube attached to a Zeiss Axioskop (using a 40X air objective).
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For presentation, slices were photographed with 2.5X and 10X air objectives on a Zeiss
Axioskop equipped with an Axiophot module for photography. Individual CB-, PV-, or CR-
ir neurons were also photographed using 40X air objectives. Negatives were digitized
professionally at 1536 × 1024 dpi and stored on CD-ROM (Imag’In Cafe’ & Studio, New
Haven, CT). Digital images were converted to 256-level grayscale, reduced to 80% of
original size, and converted to TIFF format using GraphicConverter (Lemke Software
GmbH, Peine, Germany).

Quantification of CB and GABA double-labeled tissue—An Olympus FluoView™
300 system, equipped with argon (488 nm) and HeNe lasers (543 and 633 nm), was used for
dual-fluorescence confocal microscopy. The 488 and 543 nm lines were used to image CB-
and GABA-ir neurons in sequential scan mode to minimize bleed-through between the two
channels. In two sections of PR from each of 6 rats (2 rats per age group), labeled neurons
were classified into one of three groups: CB-ir but not GABA-ir; GABA-ir but not CB-ir; or
both CB-ir and GABA-ir. The sections corresponded to brain atlas plates 98 and 99 (Paxinos
and Watson, 1998). For these dual-labeling studies, a more limited portion of PR was
quantified (corresponding to − 4.0 to − 4.8 mm rostro-caudal relative to Bregma).

2.4 Statistical analysis
An analysis of variance (ANOVA) was used to determine the significance of aging-related
changes in the estimated number of neurons that were immunoreactive to the CaBP
antibodies. A two-way ANOVA evaluated interactions between age group and cortical layer.
Unless otherwise noted, if the ANOVA was significant (α = .05), a Bonferroni-Dunn test
was used for post-hoc comparisons. Data are reported as the mean ± 1 standard error. For
the dual labeling studies, the effect size (f) was calculated for the main effect of age. Effect
sizes were computed using equation 8.2.2 of Cohen (see page 275 of Cohen, 1988). The f
statistic was then converted to the more widely used value (η2) using the equation η2 = f2 /
(1 + f2) (see page 281 of Cohen, 1988). Related power calculations used table 8.3.13 of
Cohen (see page 313 of Cohen, 1988). In cases where the ANOVA was significant, power
was based on an alpha of 0.05 and the calculated effect size. For experiments where the
ANOVA was not significant, power was based on an alpha of 0.05 and a medium effect size
(f = 0.25) was assumed.

3. Results
3.1 Laminar distribution of three calcium binding proteins in adult perirhinal cortex

As described below, an analysis of the relative frequency of immunoreactive neurons
revealed distinct differences in the laminar distribution of these three CaBPs in adult PR.

CaBPs in PR layer I—Layer I was virtually devoid of CaBPs (Fig. 2). This was not
surprising since layer I of PR is cell-sparse (Burwell, 2001;Furtak et al., 2007b). When
averaged across rats, the mean percentage of CB-ir or PV-ir neurons in layer I was
extremely low relative to the percentage of CR-ir neurons. Analysis of the mean relative
frequency of each CaBP indicated a statistically significant difference in layer I (F2,14 =
16.3, p < 0.001). Post-hoc comparisons revealed that the mean percentage of CR-ir (2.0 ±
0.6%) in layer I of adult PR was significantly greater than the percentage of either CB-ir (0.2
± 0.1%; p < 0.001) or PV-ir (0.6 ± 0.1%; p < 0.005). Compared with CB- or PV-
immunoreactivity, the greater relative frequency of CR-ir neurons in layer I was one
distinguishing feature of CR-immunoreactivity in PR (Table 1).

CaBPs in PR layer II/III—In contrast to layer I, a substantial number of neurons were
immunoreactive for each of the different CaBPs in layer II/III of adult PR (see Figs. 2A-C,
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Table 1). Analysis of the mean relative frequency of each CaBP indicated a statistically
significant difference in layer II/III (F2,14 = 89.3, p < 0.001). Post-hoc comparisons revealed
that the mean percentage of CB-ir (64 ± 3%) neurons in layer II/III of adult PR was
significantly greater than the percentage of either PV-ir (26 ± 1%; p < 0.001) or CR-ir (34 ±
1%; p < 0.001) neurons. Thus, a distinguishing feature of CB-immunoreactivity in adult PR
was the greater relative frequency of CB-ir neurons in layer II/III (Figs. 2A-C and Table 1).

CaBPs in PR layer V—Analysis of CaBP immunoreactivity in layer V of adult PR
revealed a statistically significant difference in the relative frequency of the three CaBPs
(F2,14 = 87.1, p < 0.001). The percentage of PV-ir (61 ± 1%) and CR-ir (52 ± 1%) neurons
was significantly greater than the percentage of CB-ir (29 ± 2%; p < 0.001) neurons. One
distinguishing feature of the laminar distribution of PV- and CR-immunoreactivity was the
greater relative frequency of staining in layer V of adult PR (see Fig. 2 and Table 1).

CaBPs in PR layer VI—Analysis of CaBP immunoreactivity in layer VI of adult PR also
revealed a statistically significant difference in the relative frequency of the three CaBPs
(F2,14 = 13.6, p < 0.001). Post-hoc analysis revealed that the mean percentage of CB-ir (8 ±
1 %) neurons in layer VI of adult PR was significantly lower than the percentage of PV-ir
(13 ± 1%; p < 0.001) and CR-ir (12 ± 2%; p < 0.005) neurons.

Laminar distribution of each CaBP in adult PR—Figure 2A illustrates the laminar
distribution of CB-ir neurons throughout adult PR. One-way ANOVAs revealed a
statistically significant difference in both the number (F3,28 = 25.3, p < 0.001) and relative
frequency (F3,28 = 274.7, p < 0.001) of CB-ir neurons as a function of layer. The most
distinguishing feature of the laminar profile of CB-immunoreactivity in adult PR was the
greater number (2216 ± 388) and percentage (64 ± 3%) of CB-ir neurons in layer II/III
relative to the other layers (see Fig. 2A and Table 1). Figure 2B illustrates the distribution of
PV-ir neurons throughout adult PR. A statistically significant difference in both the number
(F3,20 = 137.1, p < 0.001) and relative frequency (F3,20 = 1123.7, p < 0.001) of PV-ir
neurons was observed as a function of layer. In contrast to CB, the most distinguishing
feature of the laminar profile of PV-immunoreactivity was the greater number (983 ± 66)
and percentage (61 ± 1%) of PV-ir neurons in layer V relative to the other layers (see Fig.
2B and Table 1). Evaluation of CR-ir staining in adult PR also revealed a statistically
significant difference in both number (F3,8 = 10.9, p < 0.005) and relative frequency (F3,8 =
244.2, p < 0.001) of CR-ir neurons as a function of layer. Similar to PV, the most
distinguishing feature of the laminar profile of CR-immunoreactivity was the greater number
(1033 ± 225) and percentage (52 ± 1%) of CR-ir neurons in layer V relative to the other
layers (see Fig. 2C and Table 1).

3.2 Morphology of CaBP-immunoreactive neurons in adult perirhinal cortex
The majority of neurons that were immunoreactive for any of the three CaBPs were
nonpyramidal in shape (see Fig. 3). Nonpyramidal CB-ir cells consisted of bipolar, bitufted,
and small and large multipolar neurons (Fig. 3A). Pyramidal CB-ir cells were less common,
tended to be bifurcating pyramids in layer II/III, and were weakly stained. Occasionally, a
horizontal or inverted pyramidal-like cell was encountered. In addition to the CB-ir
associated with the soma and proximal dendrites of individual neurons, there was also
considerable staining of the neuropil in layers II/III and V.

Nonpyramidal PV-ir neurons consisted of multipolar, bipolar, neurogliaform, stellate, and
fusiform cells (see Fig. 3B). Pyramidal PV-ir neurons consisted of darkly-stained inverted
and horizontal pyramidal-like neurons along with some weakly-stained upright pyramidal
neurons. There was also a high amount of PV-ir staining in axonal arborizations within
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layers II/III and V (see Fig. 4). The axonal arborizations formed baskets around unstained
somas in layers II/III and V—a unique characteristic of basket cells (see Fig. 4). The
majority of CR-ir neurons also had nonpyramidal morphologies, which consisted of bipolar,
multipolar, stellate-like, and fusiform cells. A few horizontal pyramidal cells in layer VI
were also CR-ir. Definitive classification of cell types was hampered by restriction of
intense staining to the soma and more proximal dendrites. No obvious differences were
observed among the age groups.

3.3 Selective loss of calbindin-D28k-immunoreactivity during aging
The number of CB-ir neurons was evaluated in adult, middle-aged, and aged animals (8 rats
per group). When data were collapsed across layers, a statistically significant effect of age
group on the mean number of CB-ir neurons in PR was observed (F2,21 = 4.3, p < 0.05; see
Fig. 5A and Table 2). Post-hoc analysis indicated that middle-aged and aged animals
contained significantly fewer CB-ir neurons in PR than adult animals (p < 0.05, see Fig.
5A). No significant difference was observed between middle-aged and aged rats (p = 0.5). A
two-way ANOVA showed a significant interaction between age group and layer in the
number of CB-ir neurons, F6,84 = 3.0, p < 0.05.

Layer II/III was the greatest contributor to the aging-related decrease in the number of CB-ir
neurons (see Table 2). A one-way ANOVA indicated a significant effect of age group on the
number of CB-ir neurons in layers II/III (F2,21 = 3.6, p < 0.05) and V (F2,21 = 3.7, p < 0.05).
Post-hoc analysis indicated that PR of aged rats contained significantly fewer CB-ir neurons
than adult PR in both layer II/III (p < 0.02) and layer V (p < 0.02). There was no significant
effect of age group on the number of CB-ir neurons in layers I (F2,21 = 0.5, p = 0.6) or VI
(F2,21 = 1.4, p = 0.3).

The mean number of PV-ir neurons per rat was evaluated in adult, middle-aged, and aged
animals (6 rats per group). There were no significant age-related differences in the mean
number of PV-ir neurons (F2,15 = 0.8, p = 0.5; see Fig. 5B). A two-way ANOVA also found
no significant interaction between age group and layer in the mean number of PV-ir neurons
(F6,60=0.4, p = 0.8; see Table 2). The mean number of CR-ir neurons (3 rats per group) also
did not change with age (F2,6 = 0.1, p = 0.9; see Fig. 5C and Table 2). There was no
significant interaction between age group and cortical layer in the mean number of CR-ir
neurons (F6,24 = 0.2, p = 0.9; see Table 2). Thus, in rat PR the only aging-related change
was a decrease in the number of CB-ir neurons. Figure 6 presents a summary of the laminar
distribution of each CaBP in rat PR as a function of aging.

3.4 Co-localization of GABA- and calbindin-immunoreactivity during aging
Following the initial observation of an aging-related decrease in CB-immunoreactivity in rat
PR (see Fig. 5A and Table 2), we sought to determine whether these changes were due to
changes in GABAergic CB-ir neurons. Simultaneous fluorescence labeling of CB and
GABA indicated that most CB-ir neurons were not GABA-ir. In adult PR, only 23% of the
CB-ir neurons were also immunoreactive for GABA (see Table 3). Figure 7 shows a
horizontal section through PR that contains fluorescently labeled neurons that were
immunoreactive for CB and/or GABA. All three possible outcomes were observed: neurons
that were CB-ir but not GABA-ir (arrowhead in Fig. 7A); neurons that were GABA-ir but
not CB-ir (arrow in Fig. 7B); and neurons that were both CB-ir and GABA-ir (asterisks in
Figs. 6A-B). In Table 3, these three outcomes are designated “CB-ir”, “GABA-ir”, and “CB-
ir and GABA-ir”.

Consistent with our previous observation (see Table 2 and Fig. 5A), there was a significant
effect of age group on the mean number of neurons that were CB-ir but not GABA-ir (F2,3 =
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10.4, p < 0.05; “CB-ir” in Table 3). The effect size for this difference was large, f = 1.11 (η2

= 0.55), and the power was low (0.18). Post-hoc analysis indicated that aged animals had
significantly fewer “CB-ir” neurons compared with the adult group (p < 0.05, one-tailed t-
test). The middle-aged group was not statistically different from the adult group (p = 0.06),
and there was no significant difference between the middle-aged and the aged animals (p =
0.2). In addition, there was no significant effect of age group on the mean number of
GABA-ir neurons that did not stain for CB (“GABA-ir”; F2,3 = 0.2, p = 0.8, power = 0.07)
or the mean number of double-labeled cells (“CB-ir and GABA-ir”; F2,3 = 0.3, p = 0.7,
power = 0.07). When data were combined for both groups of CB-ir neurons (“CB-ir” and
“CB-ir and GABA-ir” neurons), the age-related decrease was not statistically significant
(F2,3 = 7.6, p = 0.07, power = 0.07). Thus the group of CB-ir neurons that changed across
age groups was not GABAergic. This group consisted of pyramidal and nonpyramidal
neurons located in layers II/III through VI of PR.

4. Discussion
The present study examined the laminar distribution of three CaBPs as a function of aging in
the rodent perirhinal cortex (see Table 2). Regardless of age, there were characteristic
differences in the laminar distribution of neurons that were immunoreactive for CB, PV, or
CR (see Fig. 2). Aging was accompanied by a decrease in the mean number of CB-ir
neurons (Fig. 5A). By contrast, no changes were detected in the number of PV- (Fig. 5B) or
CR-ir neurons (Fig. 5C). Furthermore, no differences were observed in either the number of
GABA-ir neurons or the number of neurons that were dual labeled for GABA and CB,
suggesting that the population of CB-ir neurons that decreased during aging was not
GABAergic.

4.1 Laminar distribution and morphology of CaBPs in adult rats
There were significant differences in the laminar distributions of the three CaBPs in PR, as
summarized in Figure 2. Whereas PV- and CR-ir neurons were most numerous in layer V of
perirhinal cortex (PR), CB-ir neurons were most numerous in layer II/III (Fig. 2 and Table
2). In non-human primates, the vast majority of the CB-ir neurons are also found in PR
layers II and III (Suzuki and Porteros, 2002), suggesting that the relative distribution of
calbindin in adult PR is conserved between rodents and primates. In layer I of PR, the
relative frequency of CR-ir neurons was greater than the relative frequency of either CB- or
PV-ir neurons (see Fig. 2D and Table 2). The functional significance of the spatial
distributions of these CaBPs is currently unknown.

Based on somatic and proximal dendrite immunoreactivity, there were no morphological
differences among neurons that were immunoreactive for the three different CaBPs. On the
other hand, there was a unique pattern of axonal staining in brains reacted for PV, indicating
that different morphological cell types may have different CaBP profiles or that the location
of CaBPs may differ. Specifically, a punctate pattern of axonal PV-immunoreactivity was
observed around unstained cell bodies in layers II/III and V (see Fig. 4). This pattern of
axonal arborization is unique to basket cells, which are known to be GABAergic and are
presumed to have an inhibitory affect on the pyramidal cells that they encase (Jones and
Hendry, 1984). Similar axonal PV-ir has been reported in adjacent brain regions in the rat,
such as the basolateral nuclear complex of the amygdala (McDonald and Betette, 2001) and
the entorhinal cortex (Wouterlood et al., 1995).

4.2 Aging-related changes in specific CaBPs
The results show that the estimated total number of CB-ir neurons in PR decreased by
approximately 50% between the adult and aged animals (Fig. 5A). This result was replicated
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in a second experiment using fluorescent labeling. A decrease was found in the number of
cells reactive only for CB in aged animals compared to adult animals. No significant age-
related decrease was observed in the number of neurons that were dual labeled for CB and
GABA (see Fig. 7 and Table 3). Previous research indicates that CB is less strictly co-
localized with GABA and is more often associated with pyramidal neurons than either PV or
CR (for review see DeFelipe, 1997). In the present study, only 23% of the CB-ir neurons
were also immunoreactive for GABA (Fig. 7 and Table 3). This suggests that the majority of
CB-ir neurons in PR may be excitatory.

The aging-related decline in the number of CB-ir neurons is subject to at least two different
interpretations. On the one hand, the decline could reflect preferential cell death in these
neurons in PR during normal aging. However, recent data suggest that neuron number does
not significantly decrease in rat PR during aging, even in cognitively impaired animals
(Rapp et al., 2002). A more likely interpretation is that the observed aging-related decrease
in CB-immunoreactivity reflects a selective loss of intracellular calbindin production (either
in gene transcription or mRNA translation), reflective of a general shift in the mRNA
expression profile in PR during aging. Indeed, several studies have demonstrated that aging
results in a down regulation of CB mRNA in several brain regions, including hippocampus
(Iacopino and Christakos, 1990; Kishimoto et al., 1998).

Decreased CB expression in PR neurons could contribute to dysregulation of the
intracellular calcium ion concentration (particularly during prolonged periods of high
activity) and thereby render PR neurons more susceptible to dysfunction, excitotoxicity, and
cell death (Iacopino and Christakos, 1990). The consequences of cell death or dysfunction
may not only depend upon the normal neurophysiological role of this specific class of PR
neuron (i.e., the CB-ir neuron that is not GABAergic) but also on any compensatory changes
that may occur (e.g., upregulation of other endogenous CaBPs). The results encourage
further neurobiological research into mechanisms of aging-related changes in CaBP
expression.

In contrast to CB-ir neurons, the number of PV- and CR-ir neurons remained stable during
normal aging in rat PR (Table 2; Figs. 5B,C). These data are consistent with previous
studies, which also demonstrated preserved numbers of PV- or CR-ir neurons in
hippocampus during normal aging (de Jong et al., 1996;Kishimoto et al., 1998;Potier et al.,
1994). Although CR-ir neurons did not change significantly in PR during aging, the
statistical power was low (0.06), partly due to the small sample size (n = 3 per age group).

4.3 Comparisons with other animal research
There have been no other studies of the distribution of calbindin, parvalbumin, or calretinin
in rat PR. However, these CaBPs have been examined in other brain structures and in other
species. Studies of rat and rabbit hippocampus reported two similarities to the present
results. First, the number of CB-ir neurons was found to decrease in aged animals compared
to adult animals (Krzywkowski et al., 1996; Potier et al., 1994; Villa et al., 1994). Second,
the number of PV- and CR-ir neurons was reported not to change in aged compared to adult
animals (Krzywkowski et al., 1996; Lolova and Davidoff, 1992; Potier et al., 1994).
Similarly, a study by de Jong and colleagues (1996) demonstrated that the number of PV-ir
neurons did not change in aged rat or rabbit hippocampus; however, they did observe a
decrease in the density of PV-ir axonal arborizations in aged hippocampus (de Jong et al.,
1996). Since axonal arborizations were not quantified in the present study, it is possible that
similar deceases may also occur in rat PR during aging.

One difference between the hippocampus and PR is that the aging-related decrease in CB
expression in hippocampus is thought to be due to a loss of GABAergic neurons
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(Krzywkowski et al., 1996) whereas the present data from PR suggest that calbindin
expression is lost primarily in neurons that are not GABAergic (Table 3; see also Fig. 7).
Although the number of GABA-ir neurons did not change as a function of aging (Table 3),
the small sample size (n = 2 animals per age group) leaves open the possibility that a larger
sample might have revealed subtle aging-related changes in the number of GABA-ir neurons
in PR.

4.4 Clinical implications of calcium dysregulation
Deficits in human mnemonic function have been reported during normal aging and more
substantially in various aging-related diseases, including mild cognitive impairment and AD.
Understanding the underlying neurobiological modifications that produce these behavioral
deficits is important for therapeutic advancements. One unifying hypothesis suggests that
the disruption of cellular calcium homeostasis is intimately involved not only in the memory
impairments that accompany normal aging but also in the pathologies associated with aging-
related neurodegenerative disorders (Disterhoft et al., 1994; Khachaturian, 1987, 1994;
Landfield, 1987).

Multiple lines of evidence implicate alterations in calcium signaling (including changes in
CaBPs) during aging and aging-related neurodegenerative disorders (for review, see
Mattson, 2007). For example, individuals diagnosed with AD have significantly fewer CB-ir
neurons in frontal, temporal and parietal cortices (Ichimiya et al., 1988; Lally et al., 1997;
Mikkonen et al., 1999). AD patients also tend to have well-preserved levels of PV- and CR-
immunoreactivity in several cortical areas (Brion and Resibois, 1994; Hof et al., 1991;
Solodkin et al., 1996). Recent data using transgenic mice that express human amyoid
precursor proteins (hAPP) and amyloid-β peptides (Aβ) further suggest a direct link between
calbindin expression, AD pathology, and cognitive decline. The transgenic mice had a
significant reduction in hippocampal CB-immunoreactivity that was tightly correlated with
age and the relative abundance of Aβ (Palop et al., 2003). The decreased CB expression was
highly correlated with spatial memory impairments such that mice with the lowest levels of
CB exhibited the most profound spatial memory deficits. Thus, in patients with AD,
reductions in CB expression may actually contribute to cognitive deficits.

A significant loss of CB expression in PR during normal aging may contribute to a cellular
environment that renders neurons more susceptible to dysfunction and degeneration.
Because the decrease in CB was observed in PR of middle-aged animals, it is likely to be an
early indication of cellular dysfunction during aging. Although similar studies in humans
have not focused on PR, a study of AD patients and age-matched controls revealed a
negative correlation between age and the ratio of CB-ir neurons within layer II of
Brodmann’s area 22 of the temporal lobe in the control subjects as well as an overall
decrease in CB in the AD patients (Nishiyama et al., 1993). A link between disruption of
intracellular calcium regulation and neurodegenerative disorders has been well established
(for review, see Mattson, 2007), but little is known about precisely how changes in CaBP
expression during normal aging influence or are affected by neurodegenerative disease
progression.

CB and other CaBPs may serve an important role in neuroprotection (Mattson et al., 1991).
Furthermore, the actual level of expression of CaBPs within a neuron may influence the
susceptibility to various neurodegenerative disorders. For example, in the frontal cortex
(Brodmann area 9) layer III pyramidal neurons that were weakly immunoreactive for CB
were the most vulnerable to degeneration whereas the heavily CB-ir interneurons in layers
II-III were resistant to degeneration in AD (Hof and Morrison, 1991). The reduction in
CaBPs observed in transgenic mice that express APP alone or in conjunction with PS1
mutations (Palop et al., 2003; Popovic et al., 2008) suggest that AD pathology may actually
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affect CaBP expression, further rendering exposed neurons susceptible to calcium overload
as part of a vicious cycle of neuronal degeneration.

4.5 Conclusions
The present study is the first to report an aging-related decrease in the number of CB-ir
neurons in rat PR. These changes first appeared in the middle-aged animals suggesting that
altered CaBP expression may be an important early marker for future impairment in
perirhinal function with advancing age. The present data, in conjunction with the
observation that the distribution of PR CB-ir neurons is conserved across adult rodents and
primates (Suzuki and Porteros, 2002), motivate studies of CaBP expression in PR during the
primate life span. Importantly, middle-aged rats appear not to be significantly impaired in
two PR-dependent tasks—trace and contextual fear conditioning (Bang and Brown, 2009;
Bucci et al., 2000; Kholodar-Smith et al., 2008; Lindquist et al., 2004; Moyer and Brown,
2006). The fact that there is a detectable decrease in CB-ir in PR in middle-aged animals,
prior to the onset of widespread cognitive deficits that typically accompany aging, indicates
a therapeutic window for intervention that may be useful for protecting the aging brain and
thwarting age-related memory deficits. Thus aging-related alterations in CaBP expression
may be a novel target for minimizing neurodegeneration during aging in humans. The
present findings suggest that animal models may offer useful experimental advantages for
exploring the nature of the relationship between aging, alterations in CaBP expression, and
learning and memory.
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Figure 1.
Schematic diagram of rat perirhinal cortex. A horizontal brain slice containing rat perirhinal
cortex (PR) with the relative laminar boarders indicated on the left side. Neuronal counting
and digital analyses were conducted within the rostro-caudal boundaries of PR indicated by
the downward arrows. Abbreviations: CA1, area CA1 of the hippocampal formation; CA3,
area CA3 of the hippocampal formation; Ce, Central Nucleus of the Amygdala; DG, Dentate
Gyrus; LA, lateral nucleus of the amygdala; Ent, entorhinal cortex; PR, perirhinal cortex;
Sub, subiculum.
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Figure 2.
Laminar distribution of three calcium binding proteins (CaBPs) in adult rat perirhinal cortex.
(A-C) The number of calbindin (CB), parvabumin (PV), and calretinin (CR)
immunoreactive (-ir) neurons as a function of cortical layer in adult perirhinal cortex. Notice
that the greatest proportion of CB-ir neurons are found in layer II/III whereas the greatest
proportion of PV- or CR-ir neurons are found in layer V. Asterisks above the horizontal
lines in panels A and C indicate statistically significant differences between layers (* p <
0.005; ** p < 0.001). Asterisks above each bar in panel B indicate that each layer is
statistically significantly different from the other layers (** p < 0.001).
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Figure 3.
Morphology of neurons immunoreactive for calcium binding proteins in adult rat perirhinal
cortex. (A-C) Representative neuronal morphologies of calbindin-, parvalbumin, and
calretinin-immunoreactive neurons in perirhinal layers II/III, V, and VI. The left panel
shows camera lucida reconstructions, the middle panel shows a representative photograph
using a 10X air objective. The area inside the rectangle is magnified (using a 40X air
objective) and shown in the right panel.
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Figure 4.
Axons immunoreactive for parvalbumin form baskets around unstained cell bodies in rat
perirhinal cortex. (A) Horizontal section from an adult animal taken at −7.6 mm D/V
relative to Bregma. On the left is an image from a 10X air objective, showing all layers of
PR. The area in the rectangle (in layer II/III) is shown on the right using a 40X air objective.
The arrowhead points to the outline of a cell body. (B) Horizontal section from a middle-
aged animal taken at −7.34 relative to Bregma. Images on the left and right, respectively,
were taken using 10X and 40X air objectives. The arrowhead points to the outline of a cell
body.
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Figure 5.
Aging-related changes in CaBP expression in rat perirhinal cortex. (A) Aging results in a
reduction in numbers of CB-ir neurons in rat perirhinal cortex (PR). Notice that statistically
significant reductions in the number of CB-ir neurons are observed in both middle-aged and
aged animals (asterisks, p < 0.05). (B) Stable numbers of PV-ir neurons during aging. (C)
Stable numbers of CR-ir neurons during aging.
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Figure 6.
Summary of calcium binding protein (CaBP) distribution in rat perirhinal cortex as a
function of aging. Graphs illustrate the laminar distribution of calbindin (CB, solid bars),
parvalbumin, (PV, open bars), and calretinin (CR, gray bars) in PR from adult, middle-aged,
and aged rats.

Moyer et al. Page 22

Neurobiol Aging. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Double-labeling of calbindin and GABA in rat perirhinal cortex. Confocal laser scanning
microscopy (CLSM) of calbindin-labeled (A) and GABA-labeled (B) neurons in layer V of
perirhinal cortex (PR) from an aged rat (30 months old). CLSM of PR indicates that not all
CB-ir neurons are GABAergic (noted by the large arrow head in part A). A number of CB-
immunoreactive neurons were GABAergic (see asterisk in A and B). There were also
neurons that were only immunoreactive for GABA, noted by the arrow in part B. The
images were collected using a 20X air objective and a digital zoom of 1.5.
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Table 1

Relative frequency distribution of calcium binding proteins in adult rat perirhinal cortex

Type of CaBP
Immunoreactivity

Layer of Perirhinal Cortex

Layer I Layer II/III Layer V Layer VI

CB-ir 0.2 ± 0.1 % 63.6 ± 2.6 % * 28.6 ± 2.2 % * 7.6 ± 0.5 % *

PV-ir 0.6 ± 0.1 % 25.9 ± 1.1 % 61.0 ± 1.1 % 12.5 ± 0.3 %

CR-ir 2.0 ± 0.6 % * 33.5 ± 0.8 % 52.1 ± 1.2 % 12.4 ± 2.4 %

Abbreviations: CB-ir calbindin-immunoreactive; PV-ir parvalbumin-immunoreactive; CR-ir calretinin-immunoreactive. Data were analyzed from 6
slices from each adult rat (CB n = 8; PV n = 6; CR n = 3 rats; age range 3–6 months). For each of the calcium binding proteins, data are expressed
as a percentage of the total number of immunoreactive neurons for that calcium binding protein. For each layer, asterisks indicate statistically
significant differences relative to the other two groups of calcium binding proteins (p < 0.005). For each individual calcium binding protein, the
relative frequency of immunoreactive neurons within any layer is significantly different from the relative frequency of immunoreactive neurons in
each of the other layers (p < 0.005).
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Table 3

Dual labeling of calbindin and GABA immunoreactivity in rat perirhinal cortex

Immunoreactivity

Age Group CB-ir GABA-ir CB-ir and GABA-ir

Adult 155 ± 12 81 ± 15 46 ± 9

Middle-Aged 114 ± 11 95 ± 34 43 ± 2

Aged 92 ± 6 * 71 ± 25 37 ± 11

Abbreviations: CB-ir calbindin-immunoreactive, GABA-ir GABA-immunoreactive. Data were analyzed for 6 slices from each rat (n = 2) from
each age group. Age ranges were as follows: adult (3–6 months), middle-aged (10–12 months), and aged (22–26 months). There was a statistically
significant effect of age group on the number of CB-ir neurons in perirhinal cortex (p < 0.05). Aged rats had significantly fewer CB-ir neurons
compared to adult animals, p < 0.05. There was no effect of age group on the number of GABA-ir (p = 0.8) or double-labeled neurons (CB-ir and
GABA-ir; p = 0.7). Numbers represent mean ± 1 standard error of the mean.
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