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Abstract
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, characterized by irreversible memory decline, concerning
no rarely spatial memory and orientation, alterations of the mood and personality, gradual loss of motor skills, and substantial loss
of capacities obtained by previous long education. We attempted to describe the morphological findings of the mammillary bodies
in early cases of AD. Samples were processed for electron microscopy and silver impregnation techniques. The nuclei of the
mammillary bodies demonstrated a substantial decrease in the neuronal population and marked abbreviation of dendritic arbors.
Decrease in spine density and morphological abnormalities of dendritic spines was also seen. Synaptic alterations were prominent.
Alzheimer’s pathology, such as deposits of amyloid-b peptide and neurofibrillary degeneration, was minimal. Electron microscopy
revealed mitochondrial alterations and fragmentation of Golgi apparatus, associated frequently with synaptic pathology.
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Introduction

Alzheimer’s disease (AD) is the most common cause of memory

decline in elderly people. In addition to accumulations of b-

amyloid and tau pathology, which have been established as the

morphological hall marks of the disease,1 the extensive synaptic

alterations in various areas of the brain may also contribute sub-

stantially in plotting the clinical profile of the disease, which is

mostly characterized by gradual deterioration of the cognitive

functions, alterations of the mood and personality, and progres-

sive loss of skills and capacities obtained by education during

the previous years of the life.

Neuronal loss, which is a prominent finding in the early stages

of AD affecting cognition,2 is associated with lesions of the tracts

of the white matter (WM)3 including the fornix,4 a fact that has

been characterized as ‘‘sensitive predictor’’ of early cognitive

decline,5 in mild cognitive impairment and in early stages of AD.6

A substantial body of evidence suggest that the mammillary

bodies may play a strategic role in memory processes,7,8 con-

cerning mostly spatial memory and orientation.9 The fornix and

mammillary bodies are essential components of the limbic cir-

cuit,10 which had undergone substantial volume reduction in

AD, associated with memory deficits affecting primarily the

episodic and spatial memory. The fornix is mostly composed

of myelinated nerve fibers,11 originating from the subiculum

of the hippocampus and terminating in the mammillary bod-

ies.12 The fornix together with hippocampus and mammillary

bodies are parts of the memory or ‘‘Papez circuit’’ (hippocam-

pus, mammillary bodies, anterior thalamus, cingulate cortex) or

in a broader sense of the Delay–Brion circuit, which includes

the hippocampus, the fornix, the mammillary bodies, the ante-

rior thalamus, and the retrosplenial cortex.13 In addition, the

mammillary bodies are also involved in spatial memory via

their connections with the neuronal circuits of the medial pre-

frontal cortex.14

On experimental level, it is also supported that mammillary

bodies play an important role in spatial working memory.15

It is reported that decreased fractional anisotropy of the fornix

on diffusion tensor imaging is one of the earliest magnetic reso-

nance imaging findings observed in normal persons who are at

increased risk for cognitive decline or at the very initial stage of

AD,16 which might be associated with hippocampal pathology.17,18

The aim of this study is to proceed in morphological estima-

tion of the alterations of the mammillary bodies in light and elec-

tron microscope in early cases of AD, in an attempt to elucidate

the reason of the frequent deterioration of the spatial memory

and orientation even in the initial clinical stages of AD.
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Material and Methods

Material

This morphological study is based on the examination of 12

brains of patients having AD excised at autopsy 4 to 8 hours

after death at temperature of 4�C. All brains were obtained

from patients with a definite history of dementia, aged 55 to

82 years, who fulfilled the clinical, neurological, neuropsycho-

logical, neuroimaging, and neuropsychiatric criteria for AD.

All of them died accidentally 24 to 46 months following the

clinical diagnosis of the disease (Table 1).19

Additional 12 brains, macroscopically intact of apparently

healthy individuals who died accidentally, were used as normal

controls. The definite diagnosis of AD was based on National

Institute of Neurological and Communicative Disorders and

Stroke and the Alzheimer’s disease and Related Disorders

Association (NINCDS-ADRDA) criteria.20

Methods

Samples from the mammillary bodies were excised and pro-

cessed for electron microscopy and silver impregnation tech-

niques, including rapid Golgi method, Rio Hortega, and

Bodian techniques.

Electron microscopy. For electron microscopy, the specimens

were immediately immersed in Sotelo21 fixing solution, com-

posed of 1% paraformaldehyde and 2.5% glutaraldehyde in

cacodylate buffer 0.1 mol/L, adjusted at pH 7.35. Then, they

were postfixed by immersion in 1% osmium tetroxide for 30

minutes at room temperature and dehydrated in graded alcohol

solutions and propylene oxide. Thin sections were cut in a

Reichert ultramicrotome (C. Reichert AG, Wien, Austria), con-

trasted with uranyl acetate and lead citrate, and studied in a

Zeiss 9aS electron microscope (Carl Zeiss MicroImaging

GmbH Oberkochen).

Light microscope
Silver impregnation techniques. The remaining parts of the

mammillary bodies were processed for silver impregnation

techniques, according to rapid Golgi staining. Thus, after a

4-week fixation in formalin, they were immersed in a solution

of potassium dichromate (7 g potassium dichromate in 300 mL

water), including few grains of copper, for 10 days. Then, they

were immersed in 1% silver nitrate for 10 days, under contin-

uous agitation in a dark glass jar at a temperature of 16�C.

Following a rapid dehydration in graded alcohol solutions,

the specimens were embedded in paraffin and cut, some of

them at 100 mm and some at 25 mm, alternatively. Many sec-

tions of 25 mm were stained also with methylene blue, accord-

ing to Golgi–Nissl method.22-24 All the sections were mounted

in Entellan (Merck Millipore, Darmstadt, Germany) between 2

cover slips and studied in a Zeiss Axiolab Photomicroscope

(Carl Zeiss AG, Oberkochen) equipped with a digital camera

and a computer.

In the study, the Cavalieri principle,25,26 which is an

unbiased principle for estimating the volume of any structure,27

was used in order to calculate the volume of the nuclei of the

mammillary bodies and the number of neurons per volume

unit.28 In the neurons, we estimated the dendritic arbors, the mor-

phology and the number of the dendritic branches, from the pri-

mary to the last one, and the morphology of the dendritic spines

in light microscope on sections impregnated by silver nitrate,

according to rapid Golgi method and Golgi–Nissl staining.24

Morphometry. Morphometric studies were performed with an

image analyzer using the Neuro J plug-in in ImageJ application

(Java). The surface area of the neurons as well as the dendritic

arborization was calculated in the mammillary bodies in silver

staining at light microscopy.29 The neurons were estimated

from the morphological and morphometric point of view, with

much emphasis on the dendritic morphology, accepting the cri-

teria posed by Jacobs,30 which concern (1) the quality of staining

of dendrites and (2) the sufficient contrast between neurons and

background. Dendritic arbores were quantitatively estimated in a

centrifugal way for the apical dendrite and the basal dendrites.31

We proceeded in estimation of the diameter and the surface

of the neuronal soma, the total dendritic length, the number of

dendritic bifurcations, the length and number of dendritic seg-

ments per dendritic order, as well as the spinal density per den-

dritic branch. Thus, the dendrites, which arise from the soma of

neurons up to their first symmetrical bifurcation, are consid-

ered as first-order branches. The dendritic branches that arise

from the first-order branches up to their symmetrical bifurca-

tion are considered as second-order segments or secondary

dendrites, and so on.

For the quantitative analysis, we applied ImageJ program

after a calibration for the specific types of microscope (Carl

Zeiss Axiolab Photomicroscope), and we estimated the dendritic

arborization according to Sholl method of concentric circles.32

Thus, concentric circles were drawn, at intervals of 15 mm cen-

tered on the soma of the neuron, and the dendritic intersections

within each circle were counted. The dendritic spines were

Table 1. List of the brains of patients with AD included in the study.a

Gender
Age at

Death, y
Duration of the

Disease
Length of Brain

Fixation
Braak and

Braak Stage

M 55 3 y 1 m II/III
F 62 28 m 1 m II/III
M 63 37 m 1 m II
F 66 40 m 1 m II/III
M 72 3 y 1 m III
M 74 38 m 1 m II/III
F 75 42 m 1 m II/III
F 76 46 m 1 m III
M 78 42 m 1 m II/III
F 80 2 y 1 m II/III
M 82 26 m 1 m II/III

Abbreviations: AD, Alzheimer’s disease; F, female; M, male; m, months; y, year.
aThe mammillary bodies were excised and studied from 1974 to 2011.
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counted on 3 segments of the dendritic field. The first segment,

20 to 30 mm in length, was located on primary dendrite, the sec-

ond segment, 20 to 30 mm in length, on the secondary dendrite,

and the third one, 40 to 50 mm, on the tertiary dendrite.

In electron microscopy, we applied the stereological analysis

according to Nyengaard and Gundersen,33 Gundersen et al,34

and West35-38 on sections of standard thickness, measured by

Small’s smallest fold.39 The quantities comprise number,

length, surface area, volume, and spatial distribution for mito-

chondria, cisternae, and vesicles of the Golgi complex. The vol-

ume of the mitochondria and the other organelles was estimated

mainly on the basis of the rotator principle.40 We estimated also

the mean nuclear area, the dendritic profiles,41 the total number

of the dendritic spines per dendritic branch, the presynaptic and

postsynaptic terminals,42-44 and the number of synaptic vesi-

cles per presynaptic component.44 The surface density of the

dendritic spines has been estimated by the use of isotropic test

lines45 combined with image analysis.46 The number of the

synapses was calculated by application of the Horvitz and

Thompson estimator,47 with a physical fractionator of varying

sampling fractions according to Widgen et al.48

The statistical analysis of the data was evaluated by Stu-

dent’s t tests. The P values less than .05 were considered statis-

tically significant and those less than .01 as highly significant.

Results

Silver Impregnation Technique

The mammillary bodies of the human brain are situated in the

posterior hypothalamus below the infundibulum of the third

ventricle, seen on the base of the brain as round hemispheres

of a smooth surface, having a mean diameter of 2 to 4 mm

(Figures 1 and 2). They are located posterior to the tuber ciner-

eum and anterior to the posterior perforate substance at the ends

of the anterior cruces of the fornix (Figure 2B), demonstrating

no rarely anatomical variability.49

By application of the silver impregnation technique in asso-

ciation with Golgi–Nissl method, we could visualize the nuclei

of the mammillary bodies, which may be distinguished in med-

ial and lateral ones. In normal controls, the neurons in the lat-

eral nuclei are larger than in the medial ones and compose thick

networks of triangular, round, or elongated nerve cells, which

have large number of dendrites, bifurcated in numerous

branches studded with spines. Groups of 20 or more neurons

may be characterized as subdivisions of the main nuclei,

although the borders of the various groups are not very distinct

and clearly delineated. The majority of the neurons are Golgi

type II, with short axons composing short neuronal circuits.

The medial group of nuclei, in normal controls, is characterized

mostly by small round, small polyhedral cells, and spiny neu-

rons, which form dense neuronal networks hardly distinguished

in subgroups. The majority of neurons have large number of

dendrites forming thick arbores distributed around the cell

body. The majority of neurons in the medial nuclei of the

mammillary bodies are also Golgi type II neurons.

In AD, the neuronal population was decreased in compari-

son with normal controls. The majority of neurons in the lateral

and medial nuclei may be characterized as spiny neurons

(Figures 3 and 4). Small polyhedral cells were rarely observed.

Impressively, the number of dendritic spines was dramatically

reduced, as well as the number of tertiary dendritic branches

(Figures 5 and 6). Some of the dendrites were totally depleted

of spines (Figure 7). In the majority of the brains of patients

with AD, a marked astrocytic proliferation around the capil-

laries and in the neuropil space was noticed in both of the

nuclei of the mammillary bodies. It is worth to underline that

neuritic plaques and neurofibrillary tangles were not observed

in the mammillary bodies in our cases, although they were

clearly observed in other areas of the same brains.

Figure 1. Mammillary bodies of a case of Alzheimer’s disease
(62-year-old female).

Figure 2. Mammillary bodies in frontal section of (A) the normal
control (66-year-old female) and (B) a case of Alzheimer’s disease
(AD; 66-year-old female).
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Electron Microscopy

Electron microscopy revealed marked decrease in the density

of the spines in the dendritic branches in the main nuclei of the

mammillary bodies in brains of patients with AD (Figure 8) as

compared to normal controls. The morphological alterations of

the dendritic spines consisted of a change in shape and size, dis-

tortion, increased thickness of the postsynaptic membrane, and

marked alteration of the organelles of the spine (Figure 9).

Small dense spines were frequently intermixed with giant

spines in the secondary dendritic branches (Figure 10) in a sub-

stantial number of neurons. In addition, the presynaptic

terminals were characterized by a considerable poverty of

synaptic vesicles (Figure 11). In both the presynaptic and post-

synaptic terminals, small abnormal mitochondria of a mean

radius of 220 nm were observed. A considerable number of

mitochondria in the soma and the dendritic profiles demon-

strated disruption of the cristae (Figure 12).

A marked decrease in the number of the secondary den-

dritic branches was also observed in the nuclei of the mam-

millary bodies in brains of patients with AD in comparison

with the control brains of the same age. The number of the

dendritic spines was dramatically decreased in the medial

and lateral mammillary nuclei in cases of AD in comparison

with the normal controls (Table 2). Very elongated mito-

chondria, with disruption of the cristae, were observed in

the primary dendritic branches in a considerable number

of neurons in the mammillary bodies of brains of patients

with AD. In the soma of a substantial number of neurons,

large number of cisternae of Golgi apparatus appeared to

be fragmented (Figure 13). Morphological alterations of the

mitochondria were also seen in a considerable number of

astrocytes in brains of patients with AD in comparison with

the normal controls. Following a detailed morphometric

estimation of the mitochondria in the soma, the dendrites,

and the spines of neurons of the mammillary bodies in nor-

mal controls, we concluded that the ellipsoid mitochondria

of the dendritic spines have an average diameter of 650

+ 250 nm and a mean axial ratio of 1.9 + 0.2. In addition,

the round mitochondria appeared to have a mean radius of

350 nm. In brains of patients with AD, mitochondria in the

neurons of the mammillary bodies appear to have an aver-

age diameter of 440 + 250 nm and a mean axial ratio of

1.7 + 0.2 (Table 3). It was noticed that the atrophy or the

fragmentation of Golgi apparatus and the mitochondrial

alterations coexisted with dendritic and spinal pathology

in the majority of neurons.

Figure 5. Neuron from the medial mammillary nucleus of a case of
Alzheimer’s disease (AD; 72-year-old male). The number of the ter-
tiary dendritic branches and the dendritic spines are dramatically
reduced. Golgi silver impregnation technique (magnification �1200).

Figure 3. Spiny neurons of the lateral mammillary nucleus of a case of
Alzheimer’s disease (AD; 63-year-old male). Golgi silver impregnation
technique (magnification �1200).

Figure 4. Spiny neurons of the medial mammillary nucleus of a case of
Alzheimer’s disease (AD; 63-year-old male). Golgi silver impregnation
technique (magnification �1200).
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Discussion

The mammillary bodies and their main projections play a sub-

stantial role in memory, particularly in spatial memory50-52 and

in delayed memory recalls,53,54 since their projections to the

anterior thalamus seem to be of substantial importance for

recollective memory.55,56 As parts of an ‘‘extended hippocam-

pal system,’’57 the mammillary bodies receive information

from distinct neuronal networks of hippocampal formation,

projecting them ipsilaterally to the anterior medial and the ante-

rior ventral thalamic nuclei and bilaterally to the anterior dorsal

thalamic nucleus,58 seen therefore as a relaying information

group of nuclei.59-61

Given that mammillary bodies and mammillothalamic tract

have a substantial contribution in encoding of spatial location,

it is reasonable that their lesion induces, as a rule, serious

Figure 6. Neuron from the lateral mammillary nucleus of a case of Alzheimer’s disease (AD; 76-year-old female). The number of the tertiary
dendritic branches and the dendritic spines are dramatically reduced. Golgi silver impregnation technique (magnification �1200).

Figure 7. Neuron from the lateral mammillary nucleus of a case of
Alzheimer’s disease (AD; 62-year-old female). The secondary den-
dritic branches are almost depleted of spines. Golgi silver impregna-
tion technique (magnification �1200).

Figure 8. Dendritic profile from the lateral mammillary nucleus of a
case of Alzheimer’s disease (AD; 62-year-old female). Marked
decrease of dendritic spines is observed. Mitochondrial alterations (M)
are obvious (electron micrograph, magnification �128 000).
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disturbances of visuospatial memory in humans and experi-

mental animals and causes deficits of directional heading

movements.62-64

In the spectrum of the memory circuits, the mammillary

bodies receive information originated from the subiculum of

hippocampus via fornix, which are subsequently projected via

the mammillothalamic tract to the anterior thalamic nuclei,

which are involved in anterograde amnesia.65,66 The majority

of the neurons in mammillary bodies are rather projection cells

than interneurons sending excitatory outputs to anterior

thalamic nuclei,67 which may play an important role in the

learning-induced plasticity of the neuronal networks of the

anterior thalamus. It is worth to mention that the mammillary

bodies and the hippocampus are well preserved in the semantic

variant of primary progressive aphasia, whereas they become

atrophic in behavioral variant of frontotemporal dementia.68

Fornix, parahippocampal cingulum, and precuneus are also

involved in memory organization, in connection with mammil-

lary bodies, since lesions of the fornix may cause loss of

neuropil resulting in shrinkage of the mammillary bodies69

inducing substantial anterograde amnesia.70,71 It is also well

documented that the loss of fornix WM volume is associated

with cognitive decline,71 and lesions of the mammillary bodies

and the mammillothalamic tract may disrupt spatial performance

and can induce Korsakoff’s syndrome72 or recollective memory

impairment73,74 or even loss of verbal long-term memory.75 It is

also worth to mention that in addition to memory deficits, lesions

of the connections of the mammillary bodies with the dorsal and

ventral tegmental nuclei of Gudden may cause impairments in

place learning and in proper function and well navigation of the

head direction system. The ventral tegmental nucleus of Gudden

is interconnected mostly with the medial mammillary nucleus

and is mostly involved in spatial learning, via its interactions

with the medial mammillary nucleus, whereas the dorsal teg-

mental nucleus of Gudden is connected with the lateral one,

which is part of the head direction system.76-79

Numerous neuroanatomical studies of the mammillary bod-

ies in humans and animals revealed that they are mainly com-

prised lateral and medial nuclei, and each one of them is further

distinguished in a number of subnuclei, including neurons with

thick dendritic arborization and numerous symmetric synaptic

junctions.80 In humans, the majority of neurons in the

Figure 9. Morphological alterations of the dendritic spines of a case
of Alzheimer’s disease (AD; 80-year-old female). The increased
thickness of the postsynaptic membrane and the synaptic poly-
morphism of the presynaptic terminal are obvious (electron micro-
graph, magnification �128 000).

Figure 10. Small dense spines with marked mitochondrial alterations
intermixed with giant spines are seen in the lateral mammillary nucleus
of a case of Alzheimer’s disease (AD; 78-year-old male) (electron
micrograph, magnification �250 000).

Figure 11. Synaptic profiles of the lateral mammillary nucleus of a
case of Alzheimer’s disease (AD; 78-year-old male). The presynaptic
terminal is characterized by a considerable poverty of synaptic vesicles
(electron micrograph, magnification �250 000).
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mammillary body nuclei are medium-sized spiny neurons, with

many dendrites of dense arborization, studded with numerous

dendritic spines.

Hippocampal atrophy in AD81,82 is reasonably associated

with degeneration of the fornix83,84 and other limbic regions

with a differentiation among men and women,85 since the

involvement of mammillary bodies is predominant in men as

well as the anterior thalamic nuclei in women, a fact that may

play an additional role in the tragedy of the cognitive decline by

degrading signal transmissions.86

It is well documented that neurodegeneration and synaptic

alterations are considered as principal factors of cognitive

decline in patients with AD,87,88 associated with alterations

of mitochondria and Golgi apparatus89-91 in various areas of the

brain, including the vestibulocerebellar system.92,93

Although there is considerable morphological variability of

mammillary bodies in healthy controls,94 marked reductions in

their volume associated with significant reduction in neuronal

numbers and neuropil have been described in a number of neu-

rological conditions, associated with cognitive decline such as

Wernicke–Korsakoff syndrome,95 Wernicke’s encephalopathy,

chronic alcohol abuse,96 and chronic thiamin deficiency.97-99

It is important that in our cases, neuritic plaques and neuro-

fibrillary tangles were rarely observed in contrast to previous

studies.100 However, the neuronal population was decreased

in comparison with the normal controls, and marked decrease

in the number of the secondary dendritic branches was

observed, associated with dramatic decrease in spine density,

a fact that pleads in favor of a substantial involvement of

Figure 12. Abnormal mitochondria, very elongated with disruption of the cristae, are seen in the primary dendritic branch of a neuron of the
medial mammillary nucleus of a case of Alzheimer’s disease (AD; 74-year-old male) (electron micrograph, magnification �110 000).

Figure 13. Neuron of the medial mammillary nucleus of a case of
Alzheimer’s disease (AD; 80-year-old female). The fragmentation of
Golgi apparatus and the alterations of the mitochondria are obvious
(electron micrograph, magnification �128 000).

Table 2. Average Dendritic Spines per Dendritic Arbor in Neurons
of the MMN and LMN, based on Measurement of 100 Neurons
(P < .005).

0

500

1000

1500

2000

MMN LMN

NC AD

Abbreviations: AD, Alzheimer’s disease; LMN, lateral mammillary nuclei; MMN,
medial mammillary nuclei; NC, normal control.
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mammillary bodies in AD, which may explain the disturbances

of visuospatial memory and orientation, frequently described in

patients even in the initial stages of AD.
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