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The metallic impregnation invented by Camillo Golgi in 1873as allowed the visualization
of individual neurons in their entirety, leading to a breaktough in the knowledge
on the structure of the nervous system. Professor of Histolgy and of General
Pathology, Golgi worked for decades at the University of Paa, leading a very active
laboratory. Unfortunately, most of Golgi's histological gparations are lost. The present
contribution provides an account of the original slides onhe nervous system from
Golgi's laboratory available nowadays at the Golgi Museumral Historical Museum of
the University of Pavia. Knowledge on the organization of ¢hnervous tissue at the
time of Golgi's observations is recalled. Notes on the equiment of Golgi's laboratory
and the methodology Golgi used for his preparations are premted. Images of neurons
from his slides (mostly from hippocampus, neocortex and cabellum) are here shown
for the rst time together with some of Golgi's drawings. Thesections are stained with
the Golgi impregnation and Cajal stain. Golgi-impregnatedections are very thick (some
more than 150mm) and require continuous focusing during the microscopic bservation.
Heterogeneity of neuronal size and shape, free endings oftal dendritic arborizations,
axonal branching stand out at the microscopic observation b Golgi-impregnated
sections and in Golgi's drawings, and were novel ndings at is time. Golgi also pointed
out that the axon only originates from cell bodies, represeing a constant and distinctive
feature of nerve cells which distinguishes them from glia,ral subserving transmission
at a distance. Dendritic spines can be seen in some cortical @urons, although Golgi,
possibly worried about artifacts, did not identify them. Ta puzzling intricacy of fully
impregnated nervous tissue components offered to the rst nicroscopic observations
still elicit nowadays the emotion Golgi must have felt lookg at his slides.

Keywords: Golgi staining, axon collaterals, cerebral cort
of neuroscience

ex, hippocampus, dendritic spines, Purkinje cells, history

INTRODUCTION

The contributions of Camillo Golgi (1843-1926) to the studytlué nervous system are a pillar
of modern neuroscience. The Golgi impregnation rst o ered tagroscopic studies individual
neurons and glial cells in their entirety, and has thereflaid the foundation of neurohistology
and neuroanatomy, opening a new era in neuroscience. Golg@gk reaction” (eazione nerpa
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Bentivoglio et al. Golgi's Slides and Findings

was based on the xation of nervous tissue blocks in potassiurfree from clinical duties he attended the Institute of Getera
dichromate (2—-2.5%) for a variable number of days or weekBathology, directed by Giulio Bizzozero (1846-1901).
(from 1 to 50 days or even longer), followed by immersion in  An exceptionally talented investigator, 3 years younger than
silver nitrate which led to the precipitation of silver chrotea Golgi, Bizzozero discovered in Pavia the erythropoietic fiomc
fully impregnating cells in the nervous tissued|gi, 1873, 1895  of bone marrow and the phenomenon of phagocytosis. Later on,
Golgi himself engaged for 10 years in seminal investigationwhile professor of General Pathology at the University of muri
on di erent brain structures, published in a monograph on the he demonstrated the existence of blood platelets and claksi e
“ ne anatomy of the central organs of the nervous system”akhi into “stable,” “labile,” and “everlasting” the tissues bétbody,
appeared in 1885Folgi, 188, was republished the following a dogma for cell biology for almost a centuryiézzarello et al.,
year (Golgi, 188% and is also part of his Opera Omni&0lgi, 200J). Bizzozero introduced Golgi to experimental science and
1903. The Golgi impregnation provided a revolutionary tool microscopic investigations.
to the studies of other investigators and in particular to the Between 1870 and 1872, Golgi published histological studies
monumental work of Santiago Ramon y Cajal (1852-1934) o particular on neuroglia. Under nancial pressure, Golgi
the structure of the nervous systerdjal, 190 Cajal saw for took then the post of Chief Physician at the hospital for the
the rst time Golgi-impregnated sections in 1887, 14 yeatsraf chronically ill (Pio Luogo degli Incurahbjliin Abbiategrasso,
Golgi's publication of the method. He stated in his autobiginy  about 30km from Pavia. He set up there, in the kitchen of
that the method was then “unknown to the immense majority ofhis apartment, a rudimentary laboratory, where he worked out
neurologists or was undervalued”§jal, 198pand described as a his “black reaction” in 1873. As demonstrated by his private
lightning in his life the observation of the impregnated ekms  correspondence and his previous scientic work, Golgi was
as “drawings with Indian ink” Cajal, 1909, 1999 searching for new stains to crack the code of the structutbef
The scientic debate between Golgi, who defended thaervous system\(azzarello, 2010 As explained below, his new
reticular theory of nerve cells continuity, and Cajal, pateafithe  method combined reagents he had already used.
neuron doctrine, is at the roots of neuroscien&&épherd, 2016; Golgi returned to the University of Pavia in 1876 as professor
Mazzarello, 2013 After years of debates, the neuron doctrine,of Histology. 2 years later he described two kinds of tend&o
which stated that neurons are individual elements repréagnt sensory corpuscles: the Golgi tendon organs (proprioceptors)
the structural and functional units of the nervous systeecéme and the Golgi-Mazzoni corpuscles (transductors of pressure
the fundamental paradigm. stimuli). In 1879 Golgi was also appointed as professor of General
A historical re-evaluation of the original histological Pathology, with clinical responsibilities of a medical watdhe
preparations of these two founders of modern neuroscience h&an Matteo Hospital. He saw patients until the end of the First
been carried out, so far, only for Cajal. He has left to posteri World War (though refusing a paid private practice) and was very
about 1,500 slides of the nervous system, about 800 of which anterested in diseases, in particular in infectious diseases
impregnated by the Golgi method>@rcia-Lopez et al., 20).0 Golgi focused on studies on the nervous system until 1885.
Unfortunately, in the decades following Golgi's death, madst oWhen, in 1887, Cajal (9 years younger than Golgi) saw slides
his slides have not been fully preserved in the Institute aféal  stained by the “black reaction,” Golgi had switched to stsdin
Pathology of the University of Pavia, where Golgi's laborator human malaria he pursued until 1892. In these investigatioas
had been located, and are lost. obtained seminal ndings, describing the intra-erythraicycycle
We here present images of neurons from original slides ownf malaria parasitesPlasmodium responsible for tertian and
the nervous system of Golgi's laboratory currently avddadt quartan fever (Golgi cycle), discovering the relationghépveen
the University of Pavia, with notes on his laboratory equipmenthe febrile bouts and the microbe segmentation (Golgi lang a
and methodology for the preparation of the slides. Some ofle ned the timing, during this cycle, for an e ective treatmie
Golgi's drawings are also presented to show how he depictedth quinine. Golgi also engaged in histological studiesasfous
microscopic observations, and his novel ndings on neuronalorgans, e.g., the kidney and gastric glands, on which he made
structure are summarized. important observations.
Possibly stimulated by the success of Cajal and the neuron
doctrine, Golgi resumed examination of the nervous tissue,
BIOGRAPHICAL SKETCH OF CAMILLO modifying the recipe of his impregnation, probably to reduce
GOLGI the intensity of metallic precipitates and to obtain less dark
stained preparations. Serendipity then played a role, and i8 189
A detailed account of Golgi's life and work is provided by theGolgi, using a rapid variant of his chromoargentic impregnatio
biography written byMazzarello (2010)A synopsis is here reported his discovery, in neurons of spinal ganglia, of the
presented to recall the chronology of Golgi's main contribos.  “internal reticular apparatus™lazzarello and Bentivoglio, 1998
Golgi was born in 1843 in Corteno, a village in the Alps ofthe cell organelle later called after him Golgi apparatus oipsy
Lombardy. He graduated in medicine in 1865 at the University'the Golgi” (Fabene and Bentivoglio, 1998; Mazzarello et al.,
of Pavia, and started his clinical activity at the San Matte@009. He also described in the same year the “perineuronal nets,”
Hospital in Pavia. He soon became assistant of Cesare Lombrasow known as key components of the brain extracellular matrix
(1835-1909), the psychiatrist who became the father of c@ii (Celio et al., 1998; Sprea co et al., 199
anthropology. In the Psychiatric Clinic, Golgi developed aagire  As it will be shown below, slides presented here are signed by
interest on neuropsychiatric diseases and on the brain. Whe@olgi with the indication of the year 1899, demonstrating that
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FIGURE 1 | Camillo Golgi at his laboratory bench in the Institute of Gemal Pathology of the University of Pavia around 1920. Repragted with permission of the
University Museum System of Pavia.

the end of the century he was still examining brain tissuetl@n Virchow (1821-1902) in the following 20 years, was not applied
other hand, a photograph of Golgi at his desk in the early 1920slearly to the nervous system to explain its ne structure.
shows that toward the end of his life he was still surroundgd b When Golgi introduced the “black reaction,” the leading
little jars containing tissue blocks soaking in solutioRglre 1).  theory on the organization of the nervous system was the
Golgi led a very active laboratory at the Institute of Geherareticular theory, championed by the German anatomist Joseph
Pathology Mlazzarello, 2010, 20),.was Rector of the University von Gerlach (1820-1896). According to the theory postulated
of Pavia (1893-1896; 1901-1909) and became Senator of theGerlach in 1871-72, the nervous system was a syncytium, a
Kingdom of Italy in 1900, focusing on problems of public health protoplasmic network formed by minute rami cations of nerve
In 1906 Cajal and Golgi were awarded the Nobel Prize ircell dendrites, giving origin also to nerve berBigures 2B,Q.
Physiology or Medicine “in recognition of their work on the The essential element of interconnection in the nervous
structure of the nervous system.” In their Nobel lectures]ds tissue was therefore constituted by the richness of deiedrit
still stubbornly defended his early ideas supporting a rééicu arborizations Gerlach, 1872; Van Gehuchten, 1897; DeFelipe,
organization of the nervous system, while Cajal passiopateP010; Shepherd, 20)L¢Figures 2B,g. Before Gerlach theory,
supported the neuron doctrine. This event greatly damage&arl Deiters (1834—1863) had drawn neurons dissociated avit
Golgi's reputation in neuroscienc®l@zzarello, 20103despite the needle under the microscope from the ox spinal corifers,
importance of his observations, which will be here recalled. 1869, showing its processes, a work Golgi had much appreciated
(Mazzarello, 2000The axon was depicted by Deiters as a straight
single process, unbranched in its initial segment emergiogfr
NOTES ON KNOWLEDGE ON NERVOUS the cell body, with additional ne processes originating rfro

TISSUE STRUCTURE AT GOLGI'S TIMES the dendrites Figure 2A) (see alsdeiters and Guillery, 2013;
Shepherd, 2036

Theories and knowledge on the anatomical organization ef th ~ The histological stains mostly used at that time were
nervous system are here summarized to set the stage of the f@ematoxylin and carmine, and Gerlach himself had devised
observations made by Golgi with his method. carmine staining modi cations, which, however, resulteda
The cell theory, enunciated by Matthias Jakob SchleideROOr resolution of tissue components. The revolutionary Niss
(1804-1881) and Theodor Schwann (1810-1882) in 1838—1834ain, still in use nowadays as routine histological stan f
stated that all animal and vegetal tissues and organs ameefbr Ne€rvous tissue cytoarchitecture, was introduced by FraissIN
by cells as structural and functional units. This theory,isth (1860—-1919) about 10 years after the Golgi impregnationjsn h
was further developed by Robert Remak (1815-1865) and Rud®ft> thesis (Vissl, 188} The Nissl stain, based on dyes (thionin
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FIGURE 2 | (A) Drawing from Deiters (1865)of an “isolated ganglion cell from the gray matter of the spa cord... a, the main axis cylinder extension, b,b,b, the ne
axis cylinder extensions coming from the protoplasmic extesions..” (translation inShepherd, 2016). (B,C) Drawings by Dogiel (1891)illustrating a reticular dendritic
interconnection (“protoplasmic net”). in the retina; the xons are in red.

or toluidine blue or cresyl violet) with a nity for basophiti cell ~ TABLE 1| Slides of nervous tissue from Golgiss laboratory availablat the
components, allows a visualization of cell bodies and nelirop¥niversity of Pavia.
much clearer than carmine, but does not reveal the full exten . e

. . : X Number of slides Label, slide material
of cell rami cations in the nervous tissue.
Histological techniques based on silver or silver/goldcerebral cortex 9 3 Yes, wooden
impregnation are di erent from classical stains. While théda 1 No, wooden
rely on the chemical a nity between a dye and a tissue or cell 4 Yes, glass

component (e.g., the alkaline cresyl violet binding to aidi 1 Yes, cardboard

RNA in the Nissl stain), metal impregnation results from the €eePellum 13 10 No, wooden

. L . 1 Yes, wooden

preferential precipitation of metal salts onto certain stiets, 2 No, glass
for reasons that are not fully understood. Hippocampus 9 4 No, wooden

The crucial step in the development of Golgi's “black reaction 5 Yes, wooden
was the use of silver nitrate instead of hematoxylin or caenin porsal root ganglia 2 1 No, wooden
after tissue xation in potassium dichromate. Golgi had used 1 Yes, glass
potassium dichromate to harden the nervous tissue beforgpinal cord 4 3 No, wooden
sectioning in his studies on glia pursued, as mentioned above 1 without support
in 1870-1872. He had also used potassium dichromate ariglissociated neurons” 1 1 Pen writing, glass

silver nitrate to study the so-called “lymphatic” (perivakay
system of the brainGolgi, 1870; Mazzarello, 201Silver nitrate
was already in use in histology because it impregnates t

intercellular substance in epithelia (including endothgiand in term axon was o cially introduced by Rudolph Albert von

CO”C”eC“"e .“SS“;S' ical N toctring<Oliker (1817-1905) in 1896B€ntivoglio, 1995 The term
oncerning theoretical approaches, the neuron doc ”ne_synapse was coined by Sir Charles Sherrington (1857-1952) in
enunciated in 1886-1887 by anatomists such as Wilhelm Hisgg7 Ghepherd, 2016

(1831-1904), August Forel (1848-1931), Fridtjof Nans861%+ The concept of glia Nervenkitt “neuroglia’) had been

1930) and boosted by Cajal's indefatigable work since 388, inqquced by Virchow in 1858 as “.. . that substance whiess li

o cially promulgated in 1891 by Wilhelm Waldeyer (1836~ petween the proper nervous parts, holds them together. ... dcite

1921), who also christened the “neuronBegntivoglio and  from: Kettenmann and Verkhratsky, 20p8The term astrocyte

Mazzarello, 2010; Shepherd, 2016 was proposed by Michael von Lehossék (1863-1937) in 1893
The term dendrite was proposed by Wilhelm His in (Kettenmann and Verkhratsky, 20p8

1889. Dendrites were called “protoplasmic processes” or At the turn of the 20th century, the nervous tissue was ready

“protoplasmic prolongations,” as also de ned by Golgi in histo surrender its secrets to new discoveries.

“ne anatomy” (Golgi, 1885 see alsoGolgi et al., 2001
e axon was called by Golgi “nervous prolongation.” The
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MATERIALS AND METHODS Notes on Golgi's Equipment
The Slides Golgi cut sections by hand with a razor or with a microtome,

. . . . and used the camera lucida for his drawingéagzarello, 2010
We examined 38 slides of nervous tissue from Golgi's laboyato Samples of the equipment used in Golgis laboratory are on

(Table 1), currently kept at the Golgi Museum and at the display at the Golgi MuseunBerzero et al., 20).3
Historical Museum in Pavia (which are part of the University . Soon after Golgi's appointment as Pr(;fessor of Histology in
MuseL_Jm Syst(_am). The labels of six slides are signed by GOI%?G, his laboratory acquired, in 1876 and in 1877, Hartnack
ve with the_ indication of the year 1899 and one of the microscopes, that were state of the art at the tifFigres 4C,D.
year.1_877 Rigure 3. Th? label of one S,"de was signed ,byMicrotomes were bought in the following years: a Fritsch
Domlnlc_k P. Purpl_Jra F|gure_3 at Fhe time _Of the Golgi microtome in 1878 Figure 4A), and a Ranvier microtome in
centennial symposium held in Pavia and Milan, Septembei879 Figure 4B. A camera lucida Oberhauser was bought
9-12, 19.73' . ) . in 1877, a camera lucida Hartnack-Prazmowski in 1879,
The slides are wooden, without coverslip, or glass slides Witbnd a camera lucida Nachet in 1880. Besides the Hartnack
coverslips Figure 3. The wooden slides contain thick SeCtionSmicroscopeS, a Nachet microscope (1875), a Zeiss microscope

covered by dammar resin and mounted on a coverslip nestled iﬁ880) a Koritska microscope (1887) were also part of Golgi's

a central window Figure 3). laboratory equipment.

One of the coverslipped glass slides has a pen writing Sliding microtomes (Becker microtome, Thoma-Jung
“cellula nervosa unita (one nerve cell), and contains microtome bought in 1885) followed, and a Becker
dissociated neurons. freezing microtome was acquired in 1906. A Zeiss

binocular eyepiece was probably acquired at the end of the
Nineteenth century.

Golgi's Notes on the Preparation of the
Slides

In his “ne anatomy,” Golgi (1885) provided some
methodological details of the preparation of the slides.tFofs

all, he recommended to soak tissue blocks in absolute alcoho
to clear silver nitrate impregnation. He also recommended to
change the alcohol solution two, three or more times, urfi# t
tissue becomes transparent, specifying that “after aboua &y
storage of the specimens this way, | can obtain an impregnation
as clear as with fresh pieces.”

Golgi also stated that, before treatment with Canada
balsam or dammar resin, the section handling required
two steps: (a) very careful washing two or three times in
absolute alcohol, which ensures long-term preservation ef th
sections; (b) clearingriéchiaramenth “after absolute alcohol
the sections should be soaked rst in creosote for several
minutes and then in turpentine oil, where they can be left
for a long time.” Golgi emphasized that this protocol ensured
an optimal preservation of the sections, that had then be
covered by dammar resin (this being more satisfactory than
Canada balsam).

Furthermore Golgi stated that, at variance with the usual
procedure for microscopic preparations, the impregnated
sections should not be coverslipped, since after coverslipping
they become yellowish, the impregnated cell images become less
distinct, the tissue becomes opaque and within a certain gexfo
time (“about 2 or 3 years”) the sections become useless. fA thi
layer” of dammar resin can instead preserve the quality of the

o dfie sections for several years. If the sections start to detggotheir
transparency can be recovered with a prolonged bath of theeenti
FIGURE 3 | Photographs of some of the slides. The labels ifA,B) are signed slide in turpentine oil.
by Golgi with the indication of the year 1899(C) shows an example of a “To preserve the sections | have found convenient to use

wooden slide; the label in(D) has the indication “Cajal”; the label iE) has a

comment signed by Dominick Purpura in 1973 (see text). wooden slides with a hollow square window where | apply,

with a lacquer dissolved in alcohol, a glass coverslip” stated
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FIGURE 4 | Equipment of the laboratory of Camillo Golgi in the years thdollowed his appointment as Professor of Histology at the biversity of Pavia in 1876, when
Golgi's studies focused on the nervous system. The equipmetris on display at the Golgi museumBerzero et al., 2018. (A) Microtome by the German anatomist and
physiologist Gustav Fritsch (1838-1927), bought in 1878B) Microtome by the French histologist and anatomist Louis Rarier (1835-1922) to cut by hand, with the

razor shown in the gure, sections suf ciently thin for microgopic examination from tissue blocks xed to the cylinder; tlis microtome was bought in 1879.

(C) Hartnack-Prazmowski microscope, bought in 1877 from the rmHartnack had established in Paris in partnership with the Rish mathematician and astronomer

Adam Prazmowski (1821-1885)(D) Microscope by Edmund Hartnack (1826—-1891), renowned Germamicroscope maker, bought in 1876.

Golgi (Golgi, 188%, explaining that he used a coverslip assoftware (BitPlane, Zurich, Switzerland) for analysis and
support for the section he then covered with dammar resin. H8D reconstruction.
speci ed that this procedure “allows to examine the sectioosf Section thickness was evaluated by measuring the distance
both sides” and protects them from dust or external damagealong the z axis across the features of the specimen that could
especially when keeping the section facing downwards (and thee placed in focus.
supporting coverslip facing upwards) after solidi cation dfet
dammar resin.

Finally, Golgi recommended to keep the preparations ilRESULTS: MICROSCOPIC IMAGES
the dark avoiding exposure to light, though this was not an . .

Golgi Impregnation

absolute requirement. A o )

As it is well-known, the Golgi impregnation lls at random

a limited number of cells in the nervous tissue, which
Current Analyses is the still unexplained secret of its revelatory power.
The slides presented here have been examined with darhe impregnated cells stand out in black over a light
Olympus BX63 microscope equipped with a 40X objectivgellow background.
(numerical aperture 0.65) under bright- eld illumination. The sections contain the unavoidable precipitates of metalli
Objectives with a magni cation higher than 40X and oil impregnation, more abundant in some sections than in others,
immersion objectives were not used to avoid damagin@nd in some parts of each section. Blood vessels are mostijyhea
the slides. Images were taken with a QUICAM Fast 139#lack-stained. In some elds, however, neurons and glia stand

digital camera. out very clearly, a view which comes almost as a surprise while
For 3D reconstruction, images were acquired in grayscalgscreening the sections.
using the Stereoinvestigator software and Neurolucid@.@Aa.1, We here present images of neurons from slides of the

MBF, Inc.). This system was used to capture image stacksppocampus and neocortex, which are those of best
through the z-depth of the tissue at OB steps. Image quality, and comment also on slides containing cerebellar
stacks were inverted and deconvolved by using the Huygettissue. The observations of glial cells will be presented in a
deconvolution algorithm (Scientic Volume Imaging BV, separate contribution.

Hilversum, Netherlands) to decrease blurring and noisehef t  The sections are very thick, and require continuous
samples. Image stacks were nally imported into the IMARISadjustments of the focal planeS@pplementary Movie }.

Frontiers in Neuroanatomy | www.frontiersin.org 6 February 2019 | Volume 13 | Article 3


https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroanatomy#articles

Bentivoglio et al. Golgi's Slides and Findings

FIGURE 5 | Drawing (A) and images (B,C) from Golgi-impregnatedpes Hippocampi major (Ammon's horn) of the rabbit.(A) The drawing is Plate XIII fron@olgi
(1885), the translation of the original gure legend is provided by Bntivoglio and Swanson inGolgi et al. (2001) In the gure legend, Golgi noted the “different shapes
presented by these cells.” The initial part of the “nerve paess” (the axon) is drawn in red, and Golgi noted in the legenthat “it should be considered a general rule
that this part rami es into numerous secondary brils that branch profusely.” (B,C) Impregnated neurons in Golgi's slides, showing what he shodlhave seen. Scale
bars: 200mm in (B), 50 mm in (C).

In one section of the hippocampus and one of the cerebraiollowed only for a short distance after his emergence, andailxo
cortex we were able to evaluate a thickness betwedifurcations were observeérigure 8A).
150 and 200m. Slides of the cerebellar cortex mostly contain tissue fiegs
The heterogeneity in the shape, size, extent, andith many precipitates. In some elds, however, impregnated
orientation of dendritic arborizations was probably for Purkinje cells can be found Flgures9B,3, and spines
Golgi a very striking nding that he depicted with care are also visible in their dendritic treeFigure 9B). The
in his drawings Figures 5-7). The fully stained dendritic dendritic arbor of Purkinje cells should have impressed
tree and the complexity of dendritic arborizations areGolgi who drew them carefully. He seems also to have
the real wonder revealed by Golgi impregnation. Distaindicated with an arrow the direction of the nervous impulse
dendritic branches can be followed in dierent focal planesfrom the Purkinje cell dendrites toward the cell body and
(Supplementary Movie . The full staining of processes in axon (Figure 9A).
Golgi's slides is demonstrated by the 3D reconstruction of In the white matter of cerebellar folia, the axons, running
pyramidal neuronsKigure 8A). in bundles with a parallel trajectory, are heavily impreguate
We have been able to identify dendritic spinessome slides. They show many varicosities and can be seen to
though their visualization has required careful focusingconverge into a central meshwork of bers, running in di eren
(Supplementary Movie ). They are especially evident in directions Eigure 9D).
dendrites of some of the impregnated cortical pyramidal nesro
(Figures 8B,@, while the dendrites of other pyramidal neurons Cajal Stain
appear smooth. Dendritic spines are dicult to identify in The label of two slides of the rabbit cerebral cortex species
hippocampal neurons (e.dzigure 50). parietal and occipital cortex, respectively, and “Cajalg(re 3).
A thin axon arising from the cell body could be seen inCajal developed two techniques to study intraneuronal oefjas
several impregnated neurons, especially at its origin froencédl  (DeFelipe and Jones, 1992; Garcia-Lopez et al., 2010; Merchan
body (Figure 8A; Supplementary Movie ). The axon could be et al., 2018 reduced silver impregnation for the study
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A

FIGURE 6 | Drawing (A) and images (B-D) from a Golgi-impregnated “vertical section” through thepes Hippocampi major (Ammon's horn) of the rabbit.(A) The
drawing is Plate XXI fronGolgi (1885) and, as for Figure 5, the translation is provided by Bentivoglio and Swanson i&olgi et al. (2001) In the gure legend Golgi
described a “ventricular epithelium,” composed by cells “sikingly analogous to.. neuroglial cells,” a “convolutedray layer,” and “small nerve cells of the fascia
dentata.” (B-D) Images from a Golgi's slide. Scale bars: 200 in (B), 30 nm in (C), 50 mm in (D).

of neuro brils (Cajal, 190§ and gold chloride-sublimate DISCUSSION AND COMMENTS
impregnation for the study of astrocyte<gjal, 1918 The
slides were likely prepared in Golgi's laboratory in the earlyrhe observation of Golgi's slides is certainly inspiring, tgb
Twentieth century. the microscopic examination of sections impregnated with the
These slides are coverslippedrigure 3D) and the “black reaction” is not easy, especially due to their thicknes
sections are relatively thin (do not require focal planeGolgi's sections seem to be thicker than those used by Cajal:
adjustments) and well-preserved. They contain goldaccording toDeFelipe and Jones (1998ajal used a thickness
stained cell bodies, and the processes, especially the api@gProaching 106m for Golgi-impregnated sections, whereas
dendrite and some basal dendrites of pyramidal cells, arde thickness of Golgi's sections we examined is about tvdce a
clearly delineated in black F{gures 10A,B, impregnating much. Similarly to Golgi, Cajal utilized a microtome to cutiGie
cytoskeletal elements (neuro brils). The section of a @brs impregnated sections and covered them with dammar resin
root ganglion is also impregnated with the Cajal stainwithoutcoverslipping; he used a “modern” Zeiss microscope and
(Figure 10Q. The sections seem impregnated with CajaPased his illustrations on camera lucida but also on freehand
reduced silver nitrate, probably modied by Golgi, sincedrawing OeFelipe and Jones, 1992
modi cations of the staining recipes were very common at Golgi's methodological notes indicate that he worked out an
that time. ingenious strategy to examine the slides from both sides and
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A C60LGI Fina Anatomia dei Ceniri Nervosi

FIGURE 7 | Drawing (A) and images (B) of Golgi-impregnated neurons of the cerebral cortex(A) The drawing is Plate | fromGolgi (1885) In the legend Golgi stated
that the plate, illustrating “some types of ganglion cellsiithe cerebral cortex,” is especially destined to show the agin and branching of the axon (“the only nervous
prolongation of each ganglion cell”); the cells are from th&ontal (“anterior central”; cells 1, 2, 4, 5, 9, 10) and ocgiital (cells 3, 6-8) human cerebral cortex. The
legend states that, on the basis of their axonal rami cationscells 1 and 3 illustrate examples of the rst type of neuronsdurrently named as “Golgi type 1,” see text)
and cell 2 an example of the second type (currently “Golgi typll”). The legend also states that the axon could not be folloveebecause it became too thin “destined to
get lost in the diffuse net.” Scale bar in(B): 30 mm.

devised a protocol to preserve adequately the sections farga loof a dendritic network with fused arborizations, as Golgmly
time. He therefore used to observe his material repeatedly ovstated in his Nobel lecture in 190650lgi, 196). He ascribed
the years. to dendrites a trophic function, on the basis of observatiofs
As for Golgi's ndings, there is no doubt about the fact a proximity of dendrites to blood vessel&dlgi, 1885, 1967;
that he rst saw neurons in their entirety and depicted for the Raviola and Mazzarello, 2011
rst time a striking neuronal heterogeneity in di erent brai Golgi (1885)did not describe dendritic spines in his “ne
regions (olfactory bulb, neocortex, hippocampus, cerebéllumanatomy” and acknowledged much later, in drawings of Pygkin
These observations, made from 1873 to 1885, paved the weglls in 1901, their existence though without any comment
to a topographical neuroanatomical description and graphi¢DeFelipe, 2015We here show that dendritic spines can be seen
representation of central nervous system structures. Exeéhg in his preparations. Cajal described (and named) spines in his
important were his neurocytological discoveries, disadisseearliest observations, in 1888, based on the Golgi impregmati
below and documented by his histological preparations anadfthe avian cerebellunieFelipe, 2015

drawings. These provided the bricks for further architeefland Golgi (1967) stated in his Nobel lecture that he was

functional interpretations. not certain that the small dendritic protrusions represented
distinctive features of dendrites since he had observedaim

Dendrites and Dendritic Spines protrusions in glial cells and in the axon (probably axon

Golgi must have been certain to have followed-up dendritet u  varicosities). A likely hypothesis for Golgi's missed digian
their endings with careful focusing, so that dendrites alsva of dendritic spines is that he believed that they could be
end freely in his drawings. This contradicted Gerlach'sotlye artifacts. Cajal made “controls” of potential artifactseching
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FIGURE 8 | Golgi-impregnated preparation from the rabbit cerebral cdex. (A) 3D reconstruction of 2 pyramidal neurons superimposed on te matching
minimum-intensity-projection (MIP) rendering obtaineddm a 250-image z-stack. The MIP algorithm searches, for each-X position in the stack, the darkest pixel
along the z axis (the focusing plane) and assigns its value the corresponding pixel in the nal 2D image. The positions ofhe reconstructed neurons are indicated in
the inset. (B) Two individual images from the z-stack (#27 and #58, respedtely) in which dendritic spines can be appreciated (coloceboxes). (C) The same 4 areas
containing spines, shown at higher magni cation. Scale bars(A,B), 30 mm; (C), 5nm.

the distribution of spines in di erent neuronal compartments the beginning of the Twentieth century the intraneuronal
(their presence in dendrites and absence in cell bodieshclusions in the hippocampus of rabid dogs (the Negri
verifying their existence also by using methylene bluengigi bodies, which then became pathognomonic of rabies), Negri
(Garcia-Lépez et al., 2007 had to cut and stain (with the Mann staining) many dog
In his pioneering observations, Golgi should have beembrains to control that the inclusions were not staining &atits
extremely worried about artifacts, and he saw lots of astffa (Kristensson etal., 1996; Mazzarello, 2010
(precipitates) in his slides. His close friend Bizzozero had It should also be considered that the Golgi impregnation is
probably repeatedly warned Golgi that artifacts were thespecially e ective in brain tissue from young animals, in which
main drawback of histological stains. Even many yeardendritic spines are especially evident (€xgsoklijaetal., 2003
later, when Golgi's student Adelchi Negri showed him atas Cajal emphasizedércia-Lopez et al., 2010; Merchan et al.,
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FIGURE 9 | Drawing (A) and images (B,C) of Purkinje cells and white matte(D) from a Golgi-impregnated section of the cerebellum(A) The drawing is from an
essay on the structure of the nervous systemGolgi, 1883); p refers to “protoplasmic prolongations” (dendrites) athn to the “nervous prolongation”(axon); note the
arrow which denotes the ow of the nervous impulse from the deurites to the axon (Golgi inserted similar arrows in all hisleer drawings of neurons in this
publication). Note in(D) the meshwork of varicose bers running in different directins. Scale bars in(B-D): 100 mm.

2016. However, the animal's age (or the age at death for human In all his drawings of neurons that illustrate a treatise of
autoptic specimens) was not speci ed for every sample in Golgithe structure of the nervous system which has never been
“ne anatomy,” although Golgi Golgi, 188% mentioned to have translated Golgi, 188), an arrow points from the dendrites to
used material from newborn animals and even fetuses for hihe axon (see the example Figure 9A). This indicates that

preparations of the spinal cord. Golgi had understood the directionality of the nervous signa
) from dendrites to the “single nerve prolongation,” while ineth
Axon and Axonal Branching preceding models of Gerlach and others this function was rgainl

From his slides and drawings, it is obvious that Golgi couldassigned to the dendrites. Besides the hypothesis of a trophic

identify the axon at its emergence from neuronal cell badiesunction of dendrites mentioned above, in his Nobel lectGr&gi

He carefully examined the features of this thin single process 967)stated that the dendrites, which “are a direct product of the

and stated that it was dierent from dendrites and that its body of the nerve cell whose structure they reproduce...,” may

presence di erentiates nerve cells from glial cells (“cotivec share the speci ¢ function of this cell.

cells”) Golgi, 188%. Golgi could follow separate axons running in bundles.
Golgi thus discovered that the axon is a constant feature dflowever, he likely would have then lost the nerve ber

neurons, and originates only from the cell body, and not alsondividuality at the convergence of dierent bundles, where

from dendrites as previously proposed. Golgi was reluctant tintersection of bers (and their overlap in di erent focal ples)

get involved in theoretical elaborations: he ironicallyrel his  can be seen at the microscopic observation of his preparations.

own attitude as “hypothesisphobiaG0lgi, 190% and highly Again, the section thickness, useful for the appreciation of

appreciated Tacitus' aphorism “I have never felt regret foiifg@v neurons in their entirety, might have rendered dicult to

been silent; only for having spokeriiazzarello, 2010However,  decipher the fate of individual axons.

he a rmed with vigor that the functional activity of nerve tls Furthermore, Golgi was able to identify axon collateralsjevh

is e ected by the single nerve prolongation via connectiorthwi the axon was believed to be unbranched at his times. This was

their distant targets Golgi, 188%, a concept that is a pillar a fundamental observation though it contributed to the calér

of neuroscience. idea of the nervous tissue composed of a “di use net.”
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FIGURE 10 | Images from the slides labeled as “Cajal” by Golgi (se€igure 3D ), containing a section from the occipital cortex of the rabi (A,B) and a ganglion(C),
respectively. In(A,B) the asterisks mark the same eld for spatial reference. See ta for comments on the Cajal stain. Scale bars: 100 in (A,C), 25 mm in (B).

On the basis of axonal bifurcations, Golgi distinguished twahe surprise of being able to observe nerve cells in their
types of multipolar nerve cells: type | cells with long axongngjv  entirety for the rst time and the e ort of making sense of
o few collateral branches and maintaining its individugijt their intricacy.
type 1l cells, with an axon dividing repeatedly shortly aftes it
emergence from the cell body (sEgure 7A). This distinction AUTHOR CONTRIBUTIONS
is still valid nowadays.

His observations must have led Golgi to adhere to the conceptiB, TC, SF, CT, SM, and GB examined the slides and took
of nervous net, a concept supported by his belief that the agtiviimages. TC, CT, and GB analyzed the data for 3D reconstrustion
of the nervous system was due “not to the isolated action ofC and CT prepared the gures. AB and PM provided the slides
individual cells but to the simultaneous activity of largegps  and historical material. MB and PM wrote the manuscript and all
of cells Golgi, 1885, 1903 In other words the di erent parts  authors contributed to the manuscript.
of the brain and spinal cord were viewed by Golgi almost as
functional eldswhich could explain the complexity of brain SUPPLEMENTARY MATERIAL
activity (Mazzarello, 2013

The Supplementary Material for this article can be found
Final Remarks online at: https://www.frontiersin.org/articles/10.38thana.
It is di cult to examine Golgi's slides thinking of observians  2019.00003/full#supplementary-material
blind of knowledge accumulated in the following 150 Y€arSsypplementary Movie 1| This animation shows a representative eld of view
However, looking at Golgi's slides it is unavoidable to guesfrom the cerebral cortex of the rabhbit brain, impregnated byhe Golgi method. At
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the chosen X-Y location, 250 still images were acquired witl digital camera (see
Methods), focusing the 40X objective at 0.3nm steps along the z axis. Image
acquisition started approximately 30—40mm below the surface of the tissue and
ended approximately 30-40mm above the surface of the glass slide. Images were
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