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Calretinin Interneurons are Early Targets of
Extracellular Amyloid-β Pathology in
PS1/AβPP Alzheimer Mice Hippocampus
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Abstract. Specific neuronal networks are preferentially affected in the early stages of Alzheimer’s disease (AD). The distinct
subpopulations of hippocampal inhibitory GABAergic system have been shown to display differential vulnerability to neurode-
generation in AD. We have previously reported a substantial loss of SOM/NPY interneurons, whereas those expressing parval-
bumin were unaltered, in the hippocampus of 6 month-old PS1/AβPP transgenic mice. In the present study, we now investigated
the pathological changes of hippocampal calretinin (CR) interneurons in this PS1/AβPP model from 2 to 12 months of age. The
total number of CR-immunoreactive inhibitory cells was determined by stereology in CA1 and CA2/3 subfields. Our findings
show a substantial decrease (35%–45%) of CR-positive interneurons in both hippocampal subfields of PS1/AβPP mice at very
early age (4 months) compared to age-matched control mice. This decrease was accompanied by a reduced CR mRNA content
as determined by quantitative RT-PCR. However, the number of another hippocampal CR-positive population (belonging to
Cajal-Retzius cells) was not affected. The selective early loss of CR-interneurons was parallel to the appearance of extracellular
Aβ deposits, preferentially in CR-axonal fields, and the formation of dystrophic neurites. This specific GABAergic subpopula-
tion plays a crucial role in the generation of synchronous rhythmic activity in hippocampus by controlling other interneurons.
Therefore, early alterations of hippocampal inhibitory functionality in AD, caused by select CR-cells neurodegeneration, could
result in cognitive impairments seen in initial stages of the disease.
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INTRODUCTION

Transgenic mice overexpressing mutant familial
Alzheimer’s disease (AD) genes [amyloid-β protein
precursor (AβPP), presenilin-1 (PS1), and PS2] are
widely used to study AD-related pathology progres-
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sion and the mechanisms underlying neuronal dysfunc-
tion [1,2]. However, the pathogenesis of AD is highly
complex and these mice display some, but not all, neu-
ropathological lesions of the disease. The most rele-
vant discrepancy is the scarce or delayed neuronal loss
in AD models concomitant with the accumulation of
extracellular/intracellular amyloid-β (Aβ). We have
recently reported a significant entorhinal principal cell
loss in 6 month-old PS1M146L/AβPP751SL mice that
was induced by extracellular, not intracellular, Aβ ac-
cumulation [3]. This early principal cell neurodegen-
eration in the entorhinal cortex was previous to that
seen in hippocampus (18 months) as described in AD
patients. Moreover, both brain areas in this transgenic
mice display a prominent early reduction of SOM/NPY
interneurons of GABA system [3,4] as occurs in AD
brains [5–12]. Therefore, this PS1/AβPP mouse could
mimic the initial stages of the pathology in humans and
could be of great interest to analyze the age-dependent
vulnerability of different neuronal subpopulations to
this disease.

Neurons expressing the calcium binding protein cal-
retinin have also been reported to be affected in the
most degenerated brain regions of AD patients [13,14].
Briefly, the density of calretinin (CR) neurons, as well
as the dendritic immunostaining, was reduced in the
entorhinal cortex of severe AD cases [14]. The pres-
ence of CR-positive dystrophic neurites has been re-
ported in AD hippocampus, though the number of CR-
cells seemed to be preserved [13]. Some studies have
reported the resistance of CR neocortical neurons to
degeneration in AD [15,16], however, a layer specific
vulnerability of CR-cells associated with the presence
of neurofibrillary tangles has been shown in AD neo-
cortex [17]. So far, no study has examined the viability
of CR interneurons in an AD model. Therefore, the aim
of the current study was to extend our previous results
about interneuron vulnerability in AD by evaluating if
calretinin interneurons were also affected in the hip-
pocampal formation of our PS1/AβPP model at early
stages of Aβ pathology. This CR-positive GABAer-
gic subpopulation plays a crucial role in the hippocam-
pal activity by controlling other interneurons terminat-
ing on different dendritic and somatic compartments of
principal cells [18–20]. Here, we have quantitatively
determined, by immunohistochemistry and stereologi-
cal approaches, the number of CR immunoreactive in-
terneurons in CA1 and CA2/3 subfields of 2, 4, 6, and
12 month-old PS1/AβPP mice hippocampus compared
to wild type (WT) and single transgenic PS1 littermates.
In addition, the CR mRNA content of the hippocam-

pus was assessed by quantitative RT-PCR. As early as
4 months of age, coinciding with the onset of extra-
cellular Aβ pathology, the cell number of this specific
interneuron population, as well as the CR mRNA level,
was significantly reduced in the double transgenic AD
model.

MATERIALS AND METHODS

Transgenic mice

Male transgenic mice expressing familial AD-
causing mutations in the PS1 and AβPP genes were
used in this study. The PS1M146L/AβPP751SL mice
were obtained by crossing homozygous PS1 mice (ex-
pressing human mutant PS1[M146L] under HMG-
CoA reductase promoter) to hemizygous AβPP751SL

mice (expressing human mutant AβPP751 carrying the
Swedish [KM670/671NL] and London [V717I] muta-
tions under the control of the Thy1 promoter). Trans-
genic mice were generated at the Sanofi-Aventis Cen-
tre de Recherche de Paris (Vitry sur Seine, France).
The generation and initial characterization of these
mice has been reported previously [4,21–23]. The
control group included single PS1M146L transgenic
mice and non-transgenic mice (WT) of the same ge-
netic background (C57BL/6) and age. Animals of
2-, 4-, 6-, and 12-months of age for each genotype
(PS1M146L/AβPP751SL, PS1M146L, and WT) were
used. All animal experiments were carried out in ac-
cordance with the European Union regulations (Coun-
cil Directive 86/609/EEC of 24 November 1986) and
approved by the committee of animal use for research
at Malaga University, Spain (RD 1201/2005 of 10 Oc-
tober 2005).

Tissue preparation

After deep anesthesia with sodium pentobarbital
(60 mg/kg), 2, 4, 6, and 12-month-old WT, PS1, and
PS1/AβPP transgenic mice were perfused transcardial-
ly with 0.1 M phosphate-buffered saline (PBS), pH
7.4 followed by 4% paraformaldehyde, 75 mM ly-
sine, 10 mM sodium metaperiodate in 0.1 M phosphate
buffer (PB), pH 7.4. Brains were post-fixed overnight
in the same fixative solution at 4◦C, cryoprotected in
30% sucrose, sectioned at 40 µm thickness in the coro-
nal plane on a freezing microtome and serially collected
(each series contained sections that represented 1/7th
of the total brain) in cold PBS and 0.02% sodium azide.
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Immunohistochemistry

Serial sections from PS1/AβPP, PS1, and WT mice
were assayed simultaneously for light microscopy
immunohistochemistry as previously reported [3,4].
Briefly, free-floating sections were first pretreated with
3% H2O2/3% methanol in PBS and with avidin-
biotin Blocking Kit (Vector Labs, Burlingame, CA,
USA). For single immunolabeling, sections were in-
cubated overnight at room temperature with one of
the following primary antibodies: rabbit polyclonal
anti-calretinin (1:5000 dilution; Swant), mouse mon-
oclonal anti-Aβ 6E10 (1:1500 dilution; Sigma), or
mouse monoclonal anti-reelin (1:1000 dilution;Chemi-
con). The tissue-bound primary antibody was detect-
ed by incubating with the corresponding biotinylat-
ed secondary antibody (1:500 dilution, Vector Labo-
ratories), and then followed by 1:2000 streptavidin-
conjugated horseradish peroxidase (Sigma Aldrich).
The peroxidase reaction was visualized with 0.05% 3-
3’-diaminobenzidine tetrahydrochloride (DAB), 0.03%
nickel ammonium sulphate, and 0.01% hydrogen per-
oxide in PBS. Sections were then mounted onto gelatin-
coated slides, dehydrated in graded ethanol, cleared in
xylene and coverslipped with DPX (BDH) mounting
medium. The specificity of the immune reactions was
controlled by omitting the primary antisera.

For double CR/NeuN immunoperoxidase labeling,
sections were first immunolabeled with anti-CR us-
ing DAB/nickel to visualize the reaction product (blue
end product), and then processed for NeuN immunos-
taining (anti-NeuN monoclonal antibody, 1:1000 dilu-
tion; Chemicon) using only DAB as chromogen (brown
end product). For double CR/reelin and CR/SMI312
(1:50000 dilution; Covance) immunofluorescence la-
belings, sections were sequentially incubated with
the indicated primary antibodies followed by anti-
rabbit Alexa488 secondary antibody (1:1000 dilution;
Invitrogen), anti-mouse biotinylated secondary anti-
body (1:500; Vector Laboratories), and streptavidin-
conjugated Alexa568 (1:2000 dilution; Invitrogen).
For double NeuN/Propidium iodide fluorescence label-
ing, sections were first immunolabeled for NeuN using
an anti-mouse Alexa488 (1:1000 dilution; Invitrogen)
as secondary antibody and then counterstained with
propidium iodide (4 µg/ml). Sections were then mount-
ed onto gelatin-coated slides, coverslipped with 0.01M
PBS containing 50% glycerin and 2.5% triethylenedi-
amine and then examined under a confocal laser mi-
croscope (Leica TCS-NT).

Stereological analysis

Immunopositive cells for calretinin (CR-positive in-
terneurons and CR-positive Cajal-Retzius population)
belonging to the different animal groups (WT, PS1, and
PS1/AβPP) and ages (2, 4, 6, and 12 months) were
quantified (n = 5 per genotype and age; 10–12 sec-
tions per animal) in the hippocampal formation (CA1
and CA2/3 subfields) according to the optical fraction-
ator method as previously described [3,4]. Reelin-
positive Cajal-Retzius cells at the hippocampal fissure
were counted at 6 months of age (n = 5 per genotype;
10–12 sections per mouse). Double labeled CR/NeuN
cells as well as total NeuN-positive cells were quan-
tified in the stratum radiatum of 4 month-old animals
(n = 4 per genotype; 10–12 sections/mouse). In ad-
dition, total NeuN-positive cells were counted in the
stratum radiatum of 2 month-old mice (n = 4 per geno-
type; 10–12 sections/mouse). Briefly, an Olympus
BX61 microscope and the NewCAST software pack-
age (Olympus, Glostrup, Denmark) were used. The
number of neurons was quantified in every 7th section
(with a distance of 280 µm between sections) through
the entire antero-posterior extent of the hippocampus
(between −0.94 mm anterior and 3.64 mm posterior to
Bregman) according to the atlas of Franklin and Paxi-
nos [24]. CA1 and CA2-3 subfields were defined us-
ing a 10x objective and the number of neurons was
counted using a 100X/1.35 objective. The number of
counting frames varied with the hippocampal region or
subfield layer analyzed. We used a counting frame of
1874.2 µm2 with step lengths of 78.93 × 78.93 µm
for CR and reelin counting, and another of 941.42 µm 2

with step lengths of 49.47 × 37.25 µm for NeuN and
double CR/NeuN counting. The total cell number was
estimated using the optical fractionator formula, N =
1/ssf.1/asf.1/hsf.

∑
Q−, where ssf represents the sec-

tion sampling fraction, asf is the area sampling frac-
tion, which is calculated by dividing the area sampled
with the total area of the layer, hsf stands for the height
sampling fraction, which is calculated by dividing the
height sampled (10 µm in this study) with the section
thickness, and

∑
Q− is the total count of nuclei sam-

pled for the entire layer [25–27]. The precision of the
individual estimations was expressed by the total co-
efficient of error (CE) [28] calculated using the CEs
in each individual animal. The CEs ranged between
0.01 and 0.07. An investigator who was blind to the
experimental conditions (age, genotype, and marker)
performed neuronal profile counting.
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Plaque loading

Quantification of extracellular Aβ content was per-
formed as previously reported [22]. Briefly, 6E10
immunostained PS1xAβPP sections (seven sections/
mouse; n = 5 per age) were observed under a Nikon
Eclipse 80i microscope using a 4x objective and images
acquired with a Nikon DS-5M high-resolution digital
camera. Digital images were analyzed using Visilog
6.3 analysis program (Noesis, France). Plaque loading
was defined as percentage of total hippocampal area
stained for Aβ excluding principal cell layers intracel-
lular labeling that was removed by manual editing. The
hippocampal area in each 4 × image was manually out-
lined. The plaque loading (%) for each mouse was es-
timated and defined as (sum plaque area measured/sum
hippocampal area analyzed) × 100. The sums were
taken over all slides sampled and a single plaque burden
was computed for each mouse.

RNA and total protein extraction

Anaesthetized mice (n = 8 per genotype and age)
were killed by decapitation and both hippocampi were
dissected, frozen in liquid nitrogen, and stored at
−80◦C until use. Total RNA was extracted using the
TripureTM Isolation Reagent (Roche) as described pre-
viously [3,4,23]. The contaminating DNA in the RNA
samples was removed by incubation with DNAase
(Sigma-Aldrich) and confirmed by PCR analysis of
total RNA samples prior reverse transcription. After
isolation, the integrity of the RNA samples was as-
sessed by agarose gel electrophoresis. The yield of to-
tal RNA was determined by measuring the absorbance
(260/280 nm) of ethanol-precipitated aliquots of the
samples. The recovery of RNA was comparable in all
groups (1.2–1.5 µg/mg of tissue). The protein pellets,
obtained using the TripureTM Isolation Reagent, were
resuspended in 4% SDS and 8M urea in 40 mM Tris-
HCl, pH 7.4 and rotated overnight at room temperature.

Retrotranscription and real-time RT-PCR

The retrotranscription (RT) was done using random
hexamers, 3 µg of total RNA as template and High-
Capacity cDNA Archive Kit (Applied Biosystems) fol-
lowing the manufacturer recommendations [4,22,23].
For real time RT-PCR, gene product was amplified us-
ing commercial TaqmanTM probes, following the in-
struction of the manufactured (Applied Biosystems),
using an ABI Prism 7000 sequence detector (Applied

Biosystems). A standard curve was first constructed,
using increasing amounts of cDNA. The slope of the
curve indicated optimal PCR conditions (slope 3.2–
3.4). The cDNA levels of the different mice were deter-
mined using two different housekeepers (i.e., GAPDH
and β-actin). The amplification of the housekeepers
was done in parallel with the gene to be analyzed.
Similar results were obtained using both housekeep-
ers. Thus, the results were normalized using only the
GAPDH expression. Results were always expressed
using the comparative Ct method, following the Bul-
leting number 2 from Applied Biosystems. As a con-
trol condition, we selected 4-month-old WT mice. In
consequence, the expression of the tested gene, for all
ages and mice types, was referenced to the expression
levels observed in 4-month-old WT mice.

Statistical analysis

Data was expressed as mean ± SD. The compar-
isons between several groups (WT, PS1, and PS1/AβPP
mice) and ages (2, 4, 6, and 12 months) were done
by one-way ANOVA followed by Bonferroni post hoc
multiple comparisons test, and those between two mice
groups by two-tailed t-test (SigmaStat 2.03, SPSS
Inc). In both cases, the significance was set at 95% of
confidence.

RESULTS

The number of hippocampal CR-interneurons was
significantly reduced at 4 months of age coincident
with the appearance of Aβ deposits

In order to determine the number of CR interneurons
in hippocampal CA1 and CA2/3 regions of PS1/AβPP,
PS1, and WT mice at 2, 4, 6, and 12 months of age,
we have combined specific CR immunohistochemi-
cal detection with unbiased stereological cell count-
ing method. The immunohistochemical examination
of WT sections revealed CR-positive cells in all layers
(more often in principal cell layer) of CA1 regions with
multipolar and bipolar or fusiform somata as previously
described [29]. Most of these interneurons possessed
two dendrites that ran radially and transversed sever-
al hippocampal layers (Fig. 1A). Similar observations
(cell morphology and spatial location) were done in
transgenic mice sections at 2 months of age (Fig. 1B),
however, a reduced number of CR-positive cells in the
CA subfields in PS1/AβPP animals was observed since
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Fig. 1. CR-immunoreactive interneurons in hippocampal CA1 subfield. Light microscopic images of CR immunoreactivity in CA1 subfield
of WT (A-D-G-J) and PS1/AβPP (B-E-H-K) mice at 2, 4, 6, and 12 months of age. CR-cells are located in all layers. These cells have
smooth or beaded radially oriented dendrites. A decrease in the density of CR-positive cells was observed in PS1/AβPP mice compared to WT
mice since 4 months of age. The reduction of CR-positive cells was associated with the apparition of Aβ extracellular deposition (C-F-I-L).
CR-positive plexi were located at stratum oriens/alveus border and in the stratum lacunosum-moleculare (M) where extracellular Aβ deposits
(arrows) were preferentially detected since 4 months of age (N). The presence of CR-positive dystrophic neurites (arrows) was observed in the
stratum oriens/alveus (O) and stratum lacunosum-moleculare (P) CR-positive terminal fields at 4 months of age. so: stratum oriens; sp: stratum
pyramidale; slm: stratum lacunosum-moleculare; sr: stratum radiatum. Scale bars: 100 µm (A-L, M and N); 25 µm (O and P).
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Fig. 2. CR-immunoreactive interneurons in hippocampal CA3 subfield. Light microscopic images of CR-immunoreactivity in CA3 subfield of
WT (A-D-G-J) and PS1/AβPP (B-E-H-K) mice at 2, 4, 6, and 12 months of age. Most of CR-cell bodies were in strata oriens and radiatum.
The number of CR-positive cell bodies was reduced in PS1/AβPP mice compared to WT mice since 4 months of age. Parallel to the decrease of
CR-positive cells there was an increase in the number and size of Aβ deposits (C-F-I-L). so: stratum oriens; sp: stratum pyramidale; sl: stratum
lucidum sr: stratum radiatum. Scale bar: 100 µm.

4 months of age (Fig. 1E, H, and K) compared to age-
matched WT (Fig. 1D, G, and J) or PS1 (not shown)
animals. In CA2/3 subfield, the CR-immunoreactive
pattern in WT animals was also consistent with earli-
er descriptions, seeing many CR-positive cells, mainly
in strata pyramidale, lucidum, and radiatum (Fig. 2A
and D). Double transgenic mice displayed same CR-
immunoreactive pattern (Fig. 2B) though, as seen for
CA1 subfield, the number of CR-cells was reduced
since 4 months of age (Fig. 2E, H and K) in comparison
with non-transgenic (Fig. 2D, G and J) or PS1 mice
(not shown).

The stereological quantification (n = 5 per geno-

type and age; 10–12 sections/animal) showed a signifi-
cant (one-way ANOVA p < 0.001, Bonferroni post-hoc
multiple comparison test) reduction in the total num-
ber of CR-cells in CA1 (44 ± 11.45%, p < 0.001)
and CA2-3 (33.49 ± 4.48%, p < 0.01) subfields of
PS1/AβPP mice at 4 months of age compared to WT
and PS1 littermates (Fig. 3A and B). At 6 months of
age, the decrease in CA1 was 45.75 ± 14.63% (p <
0.001) and in CA2-3 of 38.79 ± 11.74% (p < 0.05).
Later, at 12 months of age, CA1 and CA2/3 displayed
38.45 ± 7.40% (p < 0.05) and 37.70 ± 2.84% (p <
0.05) reduction respectively. An age-dependent de-
crease (one-way ANOVA, Bonferroni p < 0.05) in CR-
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Fig. 3. Significant reduction of CR-interneurons in PS1/AβPP hippocampal formation at early ages. Stereological quantification of CR-positive
cells in WT-PS1 and PS1/AβPP (n = 5 per genotype and age) demonstrated a significant decrease in PS1/AβPP compared to WT-PS1 mice
since 4 months of age in both CA1 (A) and CA2/3 (B) subfields. Data (mean ± SD) was analyzed by one-way ANOVA p < 0.001 (CA1 F(7,27)
= 28.72 and CA2-3 F(7,28) = 11,69), followed by Bonferroni post-hoc multiple comparison test. Significance (**p < 0.001, *p < 0.05) was
indicated in the figure. No differences were detected between PS1 and WT animals and data were pooled. C) CR cells were quantitatively
determined in the hippocampus of PS1/AβPP and WT-PS1 mice by RT-PCR (n = 8 per genotype and age). The expression of CR mRNA was
significantly decreased in PS1/AβPP mice since 4 months of age compared to age-matched control groups. This quantification corresponded to all
hippocampal CR cells subpopulations including interneurons, Cajal-Retzius cells, mossy cells and subgranular new born CR expressing neurons.
Data (mean ± SD) was analyzed by one-way ANOVA p = 0.0001 (F(5,54) = 6.5) followed by Bonferroni post-hoc multiple comparison test.
Significance (*p < 0.05) was indicated in the figure. D) An inverse biphasic correlation was found between the number of CR-interneurons
and the extracellular Aβ content within same PS1xAβPP animals. This relationship was not linear as Aβ load progressively increased with age
whereas CR-cells reduction remained constant after 4–6 months of age.

interneurons number in CA1 region of control animals
was detected at 6 (21.09 ± 7.77%) and 12 months
(22.41 ± 10.59%) of age, compared to 2 months group
(Fig. 3A). In CA2/3 region this decrease in WT ani-
mals with age was also observed (Fig. 3B) though it did
not reach statistical significance. The number of CR
interneurons remained unchanged between PS1 trans-
genic mice and WT mice of same age in CA subfields
and data were pooled. Importantly, no differences be-
tween PS1/AβPP and WT-PS1 mice were observed at
2 month-old.

Furthermore, we found a similar decrease in the CR
mRNA content in PS1/AβPP hippocampus at 4 months
of age as assessed by quantitative real time RT-PCR
(Fig. 3C). This reduction was of 20.2 ± 16.7% (p <

0.05), 34.6 ± 15.0% (p<0.05), and 32.4 ± 12.3% (p <
0.05) at 4, 6, and 12 month of age, respectively (one-
way ANOVA p = 0.0001, Bonferroni post-hoc; n = 8
per genotype and age). The assessed mRNA expression
accounts for total hippocampal CR-cell populations, in-
cluding interneurons, Cajal-Retzius cells, hilar mossy
cells and subgranular newly born neurons that tran-
siently express CR. Besides this CR-cell heterogene-
ity there was not much difference between this mRNA
quantitative assays and the stereological interneuron
counts, indicating that this subpopulation is the most
affected one among CR-cells. In fact, and despite that
different groups of animals were used for stereological
counting and mRNA assays, a good correlation was
found between the decrease in both parameters in this
AD model (not shown).
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The progression of Aβ pathology was determined
by 6E10 immunostaining in adjacent sections of the
same PS1/AβPP animals (Figs 1 and 2C, F, I, and L).
This monoclonal antibody recognizes Aβ as well as
the precursor protein AβPP. Results showed intense
intracellular immunolabeling of pyramidal cell bodies
and proximal dendrites at early ages (2 and 4 months)
and then intensity diminished with age (more patent at
12 months). However, no immunoreactivity was ob-
served within interneuronal cell bodies at any age test-
ed. Thus, as expected no Aβ expression or accumu-
lation occurs in hippocampal GABAergic cells in this
model. Interestingly, extracellular Aβ deposits were
already detected at 4 months of age, coinciding with
the decrease in the number of CR-cells in CA sub-
fields. The apparition of Aβ deposits has been doc-
umented to start at 2.5–3 months of age in this trans-
genic model [21]. In the hippocampal formation the
Aβ deposits were mainly located in the CR-axonal
terminal fields such as stratum lacunosum-moleculare
and stratum oriens/alveus boundary (see Fig. 1M and
N). The presence of CR-positive dystrophic neurites in
both axonal fields was detected since 4 months of age
(Fig. 1O and P). These CR-positive dystrophic neu-
rites which were immunoreactive for SMI312 antibody
against phosphorylated neurofilaments (not shown) dis-
played a swollen/globular appearance and were pref-
erentially located around plaques (identified by Con-
go red staining). The number and size of extracellular
deposits, significantly increased with age, as previous-
ly reported [23], and this was accompanied by an in-
crease in the number of dystrophic neurites. Therefore,
the decrease in the number of CR-positive interneurons
seemed to be associated with extracellular, not intracel-
lular, Aβ accumulation. In support of this, an inverse
correlation between CR-cell number and Aβ plaque
loading was found (Fig. 3D). As also expected, the cor-
relation between both parameters was not linear, since
the Aβ loading increased with the age of the animal
whereas the CR-cell number, after the initial decrease
(from 2 to 6 months) remained practically constant. A
similar biphasic response was also observed for hip-
pocampal GABAergic SOM-positive cells in this AD
model (unpublished results).

In contrast to CR-interneurons, the CR-positive
Cajal-Retzius cells were not affected by extracellular
Aβ pathology

A CR-positive population with small round soma-
ta was found in the outer third of the molecular lay-

er and inner part of the lacunosum-moleculare at the
hippocampal fissure (Fig. 4A1-A4). These CR-cells
corresponded to Cajal-Retzius neurons which coex-
press reelin [30] (Fig. 4B1 and B2) as seen in dou-
ble CR/reelin immunofluorescence labeling (Fig. 4C).
However, not all reelin-positive Cajal-Retzius cells ex-
pressed CR (Fig. 4C). The stereological study for CR-
positive Cajal-Retzius cells (from 2 to 12 months)
showed no differences between control (WT-PS1) and
PS1/AβPP groups (n = 5 per genotype and age) at
any age tested (Fig. 4D). Moreover, the total number of
reelin-positive Cajal-Retzius cells at the hippocampal
fissure did not display any change between genotypes
either (at 6 months the values were 14672.82 ± 58.98
cells for PS1/AβPP mice versus 13462.13 ± 544.63
cells for the control group; n = 5 per genotype). How-
ever, a significant (one way ANOVA p < 0.001, Bon-
ferroni post-hoc) reduction during aging in the total
number of CR-positive Cajal-Retzius population was
observed in all genotypes (Fig. 4D). This reduction was
quite similar for PS1/AβPP (45.10 ± 8.54%, 57.43
± 11.13%, 80.49 ± 23.34% at 4, 6, and 12 months
respectively) and control (WT-PS1) animals (40.26 ±
8.64%, 57.77± 15.43%,80.19± 26.54% at 4,6, and 12
months respectively) compared to their corresponding
2 month-old group. No differences between PS1 and
WT mice were observed and data were pooled. Then,
CR-positive Cajal-Retzius cells were equally affected
by age in the hippocampus of WT, PS1, and PS1/AβPP
mice. These cells were not specifically affected by Aβ
pathology in PS1/AβPP animals. These findings em-
phasize the selective early vulnerability of CR-positive
interneurons compared to other CR-cells in this AD
model.

The reduced number of CR-positive interneurons was
consequence of an early neurodegenerative process

To determine whether the early reduction of CR-
positive interneurons in PS1/AβPP hippocampus re-
flects neuronal loss or an altered phenotype (loss of
CR expression), we have performed parallel stereolog-
ical counts of CR-positive cells and the total neuronal
population in the stratum radiatum of CA1 by using
double CR-NeuN peroxidase immunolabeling (Fig. 5A
and B). The immunoreaction with the antibody to CR
labeled the cytoplasm of this interneuron subpopula-
tion in dark blue color whereas the second immunos-
taining using anti-NeuN labeled all neuronal nuclei in
light brown color. All neurons in strata radiatum and
oriens are GABAergic inhibitory neurons, however, the
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Fig. 4. CR-positive Cajal-Retzius cells are not affected by Aβ pathology. A) Light microscopy images of CR-positive cells (arrows) in
hippocampal fissure of WT (A1 and A3) and PS1/AβPP (A2 and A4) mice at 2 (A1-A2) and 12 (A3-A4) months of age. B) Light microscopy
images of Cajal-Retzius cells immunoreactive for reelin (arrows) in the hippocampal fissure of WT (B1) and PS1/AβPP (B2) mice demonstrated
no qualitative differences between both genotypes at 6 months of age. C) Double immunofluorescence confocal laser scanning image for CR
(green) and reelin (red) in PS1/AβPP hippocampal fissure at 6 months of age. CR-cells also expressed reelin (open arrows), however some
reelin-positive cells were CR-negative (white arrow). D) No differences were detected between PS1/AβPP and WT-PS1 control groups (n =
5 per genotype and age) in the number of CR-positive Cajal-Retzius cells at all ages tested. However, a significant age-dependent reduction in
the number of these cells was found in both PS1 and WT-PS1 groups since 4 months when compared to 2 month-old mice. Data (mean ± SD)
were analyzed by one-way ANOVA F(7,23) = 45,33, followed by Bonferroni post-hoc multiple comparison test. Significance **p < 0.001 was
indicated in the figure. slm: stratum lacunosum-moleculare; ml: molecular layer; g: granular cell layer; Re: reelin. Scale bars: 100 µm (A1-A3,
B1 and B2); 20 µm (C).
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Fig. 5. Loss of CR-positive interneurons in PS1/AβPP hippocampus is due to a neurodegenerative process. A,B) Bright field microscopy images
of double peroxidase immunolabeling for CR (dark blue) and NeuN (brown) in CA1 stratum radiatum of 4 month-old WT (A) and PS1/AβPP
(B) mice. A reduced number of NeuN-positive cells (arrows) as well as CR-immunoreactive cells (arrowheads) was found in stratum radiatum of
PS1/AβPP mice compared to WT. C) Stereological quantification of NeuN- and CR/NeuN-positive cells in CA1 stratum radiatum demonstrated
a significant (two tailed t-test, *p < 0.05) decrease for NeuN-positive cells (22.79 ± 10.15%) and for CR-interneurons (21.89 ± 9.78%) in 4
month-old PS1/AβPP (n = 4) compared to age-matched WT-PS1 (n = 8) mice. However, the loss of CR-positive interneurons, calculated
as the difference between WT-PS1 and PS1/AβPP cell numbers, represented one third of the NeuN cell loss. so: stratum oriens; sp: stratum
pyramidale; sr: stratum radiatum; slm: stratum lacunosum-moleculare. Scale bar: 100 µm.

stratum radiatum has been reported to contain higher
proportion of CR interneurons than stratum oriens [31].
Stereological counts (Fig. 5C) showed that the loss
of CR-positive cells (21.89 ± 9.78%, two tailed t-test
p<0.005) was quite similar to the NeuN-positive neu-
rons (22.79 ± 10.15%, two tailed t-test p < 0.05) in
PS1/AβPP (n = 4) respect to age-matched WT-PS1
(n = 8) animals at 4 months of age. However, the
loss of the CR cells calculated as the difference be-
tween WT-PS1 and PS1/AβPP (Fig. 5C) represented
only one third of the NeuN-positive cell loss (289.9 ±
47.5 CR cells versus 989.1 ± 305.1 NeuN cells), indi-
cating that other(s) interneuronal population(s), proba-
bly SOM/NPY interneurons as previously reported by
our group [4], are also affected in this layer. To discard
the possibility of early-developmental neuronal deficits
in transgenic animals, we have performed stereological
counts in the stratum radiatum at 2 months of age. Re-
sults showed that the number of NeuN-positive cells in
the stratum radiatum (interneurons) of PS1/AβPP mice
was not significantly different from age-matched con-

trols (97.38 ± 3.16% compared to 2 month-old con-
trol group, n = 4/genotype), which further proved that
neuronal loss in 4 month-old PS1/AβPP mice was most
likely due to neurodegeneration. Moreover, to avoid
the possibility that interneuron decrease in 4 month-
old double transgenic mice reflected a loss of NeuN-
epitope, instead cell death, we have also used a non-
immunohistochemical method (fluorescent DNA mark-
er propidium iodide) for cell identification along with
NeuN-immunostaining. Although we have not per-
formed stereological count of these double fluorescent
labeled sections, the analysis of confocal images (6 sec-
tions/mouse, n = 3 mice/age) have not revealed pro-
pidium iodide-labeled neuronal nuclei (identified by
morphological criteria) which were NeuN-negative in
PS1/AβPP mice hippocampus at 2 and 4 months of age
(results not shown).

Taken together, all these data support the existence of
a neurodegenerative process in PS1/AβPP hippocam-
pus at early ages.
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DISCUSSION

Select neuronal populations display different sen-
sitivity to degeneration in aging and AD pathology.
In this study we have extended our previous results
on GABAergic interneuron vulnerability in PS1/AβPP
transgenic AD model and demonstrated: 1) a signif-
icant reduction (35–45%) in the total number of CR-
interneurons in CA1 and CA2/3 hippocampal subfields
of PS1/AβPP mice at 4 months of age which was also
reflected by a reduced CR mRNA content; 2) the neu-
rodegeneration of CR-positive interneurons was asso-
ciated to the early appearance of Aβ deposits and the
formation of axonal dystrophies; and 3) this early de-
generative process was selective for CR-interneurons
whereas another hippocampal CR cells (CR-positive
Cajal-Retzius cells) were not affected by Aβ pathology.

In the hippocampus, there is a great cellular diver-
sity of GABAergic interneurons which provide gen-
eral inhibition by contacting with distinct domains of
principal cells (for review, see [32]). The different
classes of inhibitory neurons can be recognized on the
basis of their morphological, molecular, and physio-
logical features. Among these GABA interneurons,
those expressing the calcium binding protein calretinin
represent a small percent, about 10% [31], however,
they play a crucial role regulating the activity of other
GABAergic inhibitory interneurons and subsequently
the excitatory action of principal cells [19]. The tar-
gets of CR-axons are interneurons (containing VIP, cal-
bindin, or somatostatin) which terminate on different
somatodendritic domains of principal cells. Decrease
of CR-interneurons may be then associated with func-
tional decline of inhibitory activity in hippocampus and
memory impairment. The relevance of calretinin and
other calcium binding proteins in neurodegenerative
diseases, and particularly AD, has been supported by
several studies [13,14,33–35]. Our findings of reduced
number of CR-interneurons, as well as the presence of
CR-positive dystrophic neurites, in an AD model are
then consistent with those observations seen in humans.
Supporting the existence of altered CR networks in AD
pathology, Popovic and colleagues [36] have recently
reported decreased CR-immunoreactivity in the den-
tate gyrus hilar cells (mostly excitatory mossy cells) of
another AD model.

We have demonstrated that reduction of CR-
interneurons is an early event (4 months), preceding
even SOM/NPY cells loss (6 months; see [4]) during
disease progression in the hippocampal formation of
our AD model. Our findings also show a diverse sensi-

tivity to degeneration within the CR-interneuron pop-
ulation in the hippocampal formation. In particular,
a subset (approximately 40% of total population) was
highly susceptible whereas the rest of the population
(60%) was unaffected even at late ages (there was no
progressive decline in CR-positive interneurons with
aging and increased Aβ pathology; see Fig. 3D). We
do not know the reasons that determine this differen-
tial early vulnerability to Aβ pathology, but certain-
ly it will be of great interest to identify the molec-
ular/physiological properties of both CR-positive in-
terneuronal subsets (vulnerable/resistant) to uncover
the underlying mechanisms that lead to neurodegener-
ation/survival. Nevertheless, the loss of this vulnerable
CR-interneuron subset could be responsible, in part, of
first signs of hippocampal functional abnormalities.

Supporting the selective vulnerability of CR-inter-
neurons, and the extensive heterogeneity among hip-
pocampal CR-cells, we have also shown that CR-
positive Cajal-Retzius cells, located in the hippocam-
pal fissure, were not affected by the course of disease
in this double transgenic mice. However, there was a
substantial age-dependent reduction (reaching 80% at
12 months) of this cell population in both PS1/AβPP
and control animals.

In addition, we demonstrated that the reduction of
CR-interneurons in this PS1/AβPP model is due to an
early neurodegenerative process rather than loss of CR-
expression. Stereological analysis of double CR-NeuN
immunolabeling in the stratum radiatum of CA1 sub-
field showed that the total number of interneuronal cells
(NeuN-positive) significantly decreased at very early
age (4 months). The loss of CR-cells represented 30%
of the neurodegenerative process in this layer, indicat-
ing that other GABAergic neurons could also be affect-
ed. Supporting these data, we have previously demon-
strated an early neurodegeneration of SOM/NPY cells
in this AD model [4], however, other interneuronalpop-
ulations (such as cholecystokinin positive interneurons)
could be also affected (see [37]).

The mechanism underlying this early selective death
of CR-interneurons remains to be elucidated, howev-
er, since hippocampal interneurons in this AD mod-
el do not express mutated hAβPP (see [4]), intracel-
lular Aβ accumulation is not the causative neurotoxic
agent. Instead extracellular factors should be the ma-
jor agents involved. In this sense, we have described
an association between extracellular Aβ and/or cyto-
toxic glial environment and the neurodegeneration of
hippocampal principal cells [23] in layer V pyrami-
dal cells of the entorhinal cortex in this PS1/AβPP
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mice [3]. Supporting the direct impact of extracellular
Aβ on neuronal death, Liu and colleagues [38] recently
reported a relationship between forebrain extracellular
Aβ accumulation and the progressive degeneration of
monoaminergic afferent axons and their corresponding
subcortical cell bodies. In concordance with this, we
have observed abundant Aβ deposits in the CR-axonal
plexi in stratum lacunosum moleculare and in stratum
oriens/alveus boundary of CA1-CA3 regions at early
ages in our model. Moreover, CR-positive dystrophic
neurites were seen in these axonal fields. Then, we con-
sider the possibility that extracellular Aβ could directly
affect CR axon terminals and stimulate a neurodegen-
erative process toward their cell bodies. In fact, Aβ
peptides are well established as the principal factors for
the pathological events observed in AD [39–41] and
there is compelling evidence showing that alterations
in axonal transport play critical role in the pathogenesis
of AD [42–45].

Instead of a direct neurotoxic effect of Aβ onto CR-
cells, it could be also argued that Aβ might exert an
indirect effect by eliciting a local cytotoxic inflamma-
tory reaction that may in turn produce this neuronal
death. In relation to this, our PS1/AβPP mice develop
an extensive forebrain inflammatory response since 4
months of age, with a substantial microglial and as-
troglial activation [3,23]. However, the hippocampal
glial activation at early ages, and on contrary to that in
entorhinal cortex, might be neuroprotective and only at
late ages (18 months) displayed a neurotoxic profile.
Therefore, we believe that CR-positive hippocampal
interneuron population is most likely affected by extra-
cellular Aβ directly. On the other hand, we cannot ex-
cluded that death of these CR cells could be related to
a deafferentation process. These interneurons receive
afferents from the GABAergic component of the sep-
tohippocampal pathway and from serotoninergic raphe
neurons [46]. Whether these neurons are affected in
this model and precede CR-cells degeneration still need
to be investigated.

In conclusion, this work provides the first evidence
that hippocampal CR-interneurons are preferential ear-
ly targets in a transgenic model with AD-like pathol-
ogy. The loss of these GABAergic neurons may be
influenced by the early onset of amyloid deposits in
this brain area and the induction of axonal pathology,
however, the exact molecular mechanisms responsible
for this selective neurodegeneration are still unknown.
Finally, our findings highlight the diversity within this
neurochemically identified GABAergic population and
further supports the notion that Aβ pathology affects
specific neuronal subsets.
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