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Abstract

On February 231936, a boy-child (“Kn”) died in an asylum near Munich after years of severe congenital disease,
which had profoundly impaired his development leading to inability to walk, talk and see as well as to severe
epilepsy. While a diagnosis of “Little’s disease” was made during life, his postmortem brain investigation at Mu-
nich neuropathology (“Deutsche Forschungsanstalt fiir Psychiatrie”) revealed the diagnosis of “amaurotic idiocy”
(Al). Al, as exemplified by Tay-Sachs-Disease (TSD), back then was not yet understood as a specific inborn error
of metabolism encompassing several disease entities. Many neuropathological studies were performed on Al,
but the underlying processes could only be revealed by new scientific techniques such as biochemical analysis of
nervous tissue, deciphering Al as nervous system lipid storage diseases, e.g. GM2-gangliosidosis. In 1963,
Sandhoff & Jatzkewitz published an article on a “biochemically special form of Al” reporting striking differences
when comparing their biochemical observations of hallmark features of TSD to tissue composition in a single
case: the boy Kn. This was the first description of “GM1-Gangliosidosis”, later understood as resulting from ge-
netically determined deficiency in beta-galactosidase. Here we present illustrative materials from this historic
patient, including selected diagnostic slides from the case “Kn” in virtual microscopy, original records and other
illustrative material available. Finally, we present results from genetic analysis performed on archived tissue
proving beta-galactosidase-gene mutation, verifying the 1963 interpretation as correct. This synopsis shall give
a first-hand impression of this milestone finding in neuropathology.

Keywords: Lipid storage disease, GM1-gangliosidosis, Amaurotic idiocy, Tay-Sachs-Disease, Beta-galactosidase

Original paper: On a biochemically special form of infantile amaurotic idiocy. Jatzkewitz H., Sandhoff K., Biochim. Biophys. Acta 1963;
70; 354-356. See supplement 1.
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Introduction

In history of science, there has always been and
will be discussion, to whom to ascribe to the first de-
scription of a disease. Addressing a specific publica-
tion as the first description can turn out quite differ-
ently, depending on whether or not one is focusing
on a disease’s clinical manifestations, its tissue pa-
thology, pathophysiological mechanism or underly-
ing genetic cause. Further complicating matters,
similar findings are sometimes reported inde-
pendently or even simultaneously by separate re-
searchers at different places. As thinking and
knowledge about human disease evolve over time,
which include terminology and classifications, it
could well be that we end up with more than one
author credited for the first description of a particu-
lar disease. Individual patients and the details be-
hind groundbreaking findings, however, are rarely
appreciated in detail, albeit some of them have be-
come linked to (neuro-)history at least by their ini-
tials, such as “H.M.” [1].

Concerning the “lipidoses”, exemplified by Tay-
Sachs disease (TSD), syndromal appearance of cer-
tain symptoms in children had been well observed
and reported as early as at the end of the 19™ cen-
tury by Warren Tay [55] and Bernard Sachs [36] es-
tablishing “Tay-Sachs-Disease” as an eponym [6], as
well as “amaurotic family idiocy” (AFl) as another
common term [35]. The rather dramatic clinical
presentation in TSD/AFI and comparable diseases,
such as Niemann-Pick’s, was accompanied by strik-
ing pathologic findings post-mortem, especially in
the CNS, where neurons were found enlarged and
ballooned, obviously filled by aberrant material [25].
The first pathoanatomic description of TSD appears
to have been given by Sachs himself in 1887 [36].

In the 20%" century TSD/AFI brains were studied
extensively both histopathologically and later also
ultrastructurally (e.g. [8], [9], [10], [38], [55], [56])
laying the foundation for a concept of lysosomal li-
pid storage disease (review see [11], [25], [27],
[58]). CNS tissue pathology in TSD and other storage
diseases appeared rather uniform, resulting from
accumulation of some storage material strikingly al-
tering neuronal morphology, a finding early appreci-
ated in CNS histopathology ([12], [57], [46-48]). AFI
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subtypes for quite a long time were separated on
clinical grounds only by predominating manifesta-
tion age. Specific techniques allowing a more precise
analysis, deciphering the underlying molecular
pathobiology and establishing a clear understanding
of different disease forms, were not available.

This changed in the mid-to-late 1930s, when
Klenk coined the term “gangliosides” to describe
characteristic acid glycolipid components of neu-
ronal cells isolated from TSD brains [19-21]. It took
more than 20 years from then to identify the first
ganglioside structure G1 [24], now called GM1, and
to apply better techniques such as thin-layer chro-
matography allowing for separation and characteri-
zation of the different ganglioside components in
diseased versus normal brain tissues in the 1960s.
Further important breakthrough discoveries were
achieved in the understanding of nervous system
within a few years ([14], [15], [24], [34], [43], [53])
deciphering the “gangliosidoses”, including classic
TSD as GM2-gangliosidosis.

Research activities and knowledge gain then
exploded, leading to one of the most astonishing ad-
vances in understanding of lipid storage-related
CNS-disease (for review see: [2], [16]), which for
decades before had remained enigmatic and
summed up under different terms of AFI, “amau-
rotic idiocy” (Al) or “infantile amaurotic idiocy” (lAl),
a hot topic in early neuropathology. Up to today,
many aspects of lipid storage related disease mech-
anisms have been elucidated. This includes many of
the enzymes involved, their functional dynamics in
health and disease, their structure(s), co-factors and
substrates including cellular pathways & regulation,
the role of the lysosomal compartment, the regulat-
ing genes and their mutational spectrum (for review
see [2], [16], [22], [28], [42]).

After decades characterized by restriction to
symptom-oriented diagnosis and, at best, post mor-
tem validation in a few selected cases, we are now
able to recognize these diseases intra vitam by sur-
rogate biomarkers and/or molecular testing. It is a
fascinating journey to follow the historic lines of
these developments.

Here we present and re-appreciate a key pa-
tient, “Kn”, including his post mortem tissues as well
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as the understanding derived from analyzing his tis-
sue probes biochemically: this boy died 1936 in Mu-
nich from a fatal course of IAl at the age of 7%. By
diligent biochemical analysis of this patient’s brain
tissue, performed after more than 25 years of for-
malin-fixation, Jatzkewitz & Sandhoff revealed a “bi-
ochemically special form of infantile amaurotic idi-
ocy” [14] later to be named “GM1-gangliosidosis”
[51]. This can be acknowledged as the first definite
characterization of this disease [16, 28], eliciting
that TSD/AI/IAl was a spectrum of different diseases
rather than a uniform entity.

What exactly did the authors describe in this
study?

Jatzkewitz & Sandhoff presented a surprising
result of a thin-layer-chromatographic lipid com-
pound analysis performed on brain tissue from an
“Al”-patient, for this single case (patient “Kn”) out of
an Al-series clearly displayed an unusual “aberrant”
pattern on chromatography when compared to
chromatography bands of other “Al-TSD”-materials
and normal brain (see Figure 1). Kn’s analysis did not
show the accumulation of “Tay-Sachs-ganglioside”
(=GM2 ganglioside) but showed accumulation of the
major normal “ganglioside G1” according to Kuhn &
Wiegandt [24], i.e. ganglioside A according to Klenk
and GM1-ganglioside according to Svennerholm.

Why is this a milestone paper?

The paper’s key finding - summarized on less
than three pages - convincingly demonstrates that a
special and biologically different variant of TSD-like
disease had been found, which turned out to be
correct. In contrast to classic TSD showing accumu-
lation of GM2-ganglioside and its sialic acid free res-
idue GA2, here a different metabolic block had to be
suggested since other substances were stored, iden-
tified as “ganglioside GM1” and its sialic acid free
residue [14] [41], which turned out to be correct [2].
The distinct identity of these storage compounds
was proven by chemical, biochemical and enzymatic
procedures [43]. While several papers and text-
books refer to a different study as the one having
identified GM1 as the storage compound in this type
of disease [30], this clearly came later ([16], [28]). At
this stage, all the knowledge to be revealed later
about metabolic chains and enzymes involved had
not yet been known [44].
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Figure 1. Original chromatography analysis by Sandhoff: “Kn”
= lane 7. Formalin-fixed control = lane 5 (Photography by K.
Sandhoff, gangliosides labelled; original legend). See full article
by Jatzkewitz & Sandhoff 1963 [14] in supplement 1 (illustrating
the metabolic path).Thin-layer chromatogram of lipid extracts
of brain tissue from two usual infantile cases and one from one
special form of late-infantile amaurotic idiocy (Jatzkewitz and
Sandhoff 1963) Adsorbent, 400-um-thick layer of Kieselgel G,
Merck; solvent system, propanol-conc. ammonia-water (6:2:1);
height of the solvent front, 15cm; detection, anisaldehyde, sul-
furic acid in acetic acid (reagent of Kagi-Miescher). 1, 20ug of
neuraminic acid-free residue of ganglioside Tay-Sachs (B’, now
named GA2, RF 0.33); 2, 250pg of total lipid extract of the brain
cortex of a case of iai (fresh tissue); 3, 20ug of ganglioside Tay-
Sachs (A’, GM2, RF 0.37); 4, 250ug of total lipid extract of the
brain cortex of a case of iai, preserved for formalin for 26 years;
5, 250ug of total lipid extract of normal brain cortex, preserved
in formalin for 26 years; 6, 20ug of ganglioside A (GM1, RF 0.30);
7, 250ug of total lipid extract of the brain cortex of a special
form of late iai, preserved in formalin for 26 years; 8, 20ug of
neuraminic acid-free residue of ganglioside A (GA1, RF 0.26).
[Author’s addendum: RF means “Retention factor”].
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What exactly was new based on the knowledge
back then?

Up to this 1963 study’s result, Al and TSD
was perceived as an entity with varying clinical
courses and was classified according to manifesta-
tion age. Classic microscopic histomorphological
analysis was not able to clearly differentiate be-
tween various entities, and therefore could not re-
solve the Al-enigma, maybe except separation of the
“Neuronal Ceroid-lipofuscinoses” (NCL) as a sepa-
rate group in Al-like disease ([46-48] [57]). Of note,
NCL as a term was coined later ([50],[62]). The biol-
ogy and biochemical nature of these diseases were
largely unknown.
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What turned out as being correct or incorrect
since then?

Some authorities were convinced that es-
sentially everything was already known about TSD
up to 1960. As late as 1957, Seitelberger had stated
that “...it has been...proven, that the cellular meta-
bolic disturbance constituting the individual forms
[of TSD] are mainly the same” [49]. When K.
Sandhoff - following his analysis of a randomly se-
lected first Al-case - searched for further brain spec-
imens in Munich neuropathology archives, he was
confronted by the institute’s head G. Peters, who
told him boldly: “...if you aim to know about Tay-
Sachs-disease, read my book and you will know eve-
rything” (Sandhoff, personal memory). This was the
starting point. Newly developed biochemical ana-
lytic methods opened new windows: it turned out
that diverse lipid compounds represent essential
building blocks of nervous tissue, that their metabo-
lism is highly sophisticated biochemically and can be
altered causing various specific diseases (for review
see [45], [2]). Concerning the “biochemically special
form” of Al as identified in 1963, the postulated met-
abolic block in ganglioside A degradation later was
identified and characterized as impairment of spe-
cific enzyme activities, mostly beta-galactosidase
(12], [16], [44]).

At what stage of the author’s career was the
paper published?

K. Sandhoff was a young student at the very be-
ginnings of his career as a researcher (Figure 2).

This study was his debut publication. Having
finished studying chemistry in 1962, he turned to-
wards lipid compound analysis from nervous tissue
by joining the department of neurochemistry
headed by Horst Jatzkewitz at Munich Max-Planck
Institute for Psychiatry, encouraged and supported
by 1964 Nobel laureate Prof. Fedor Lynen. After
failed attempts to isolate presumed sialic-acid-free
gangliosides (“asialo-gangliosides”) from cattle
brain, his attention turned towards new targets for
investigation: rather by chance, in 1962 he decided
to choose a first human brain sample in the Lab la-
belled “Al” [44]. In this very first analysis, using
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Figure 2: Konrad Sandhoff 1962, during the time of his thesis
(Photo shared by K Sandhoff).

chromatographic techniques, he was able to reveal
two bands, which he named “A” and “B” (later iden-
tified as GM2-ganglioside and its corresponding asi-
alo-residue GAZ2). In order to validate his finding, he
widened his analysis to include tissue probes from
other 12 brains with Al/TSD picked from the archives
at Munich neuropathology, “Kn” being one of them
((43], [44]).

How was the paper received over time?

Issues were raised whether the results pre-
sented were rather a methodological artifact caused
by long-term formalin fixation, although this was
largely ruled out by the experiments presented,
since matching long-term fixed control samples had
been included ([14], see Figure 1). In the realm of
Anglo-American work this type of lipidosis became
rather known as Norman-Landing-Disease or Land-
ing’s disease for - after an early case reported by
Norman [29] - Landing published a clinical report in
1964 ([26], [37], which was followed by identifica-
tion of GM1-storage [30] and galactosidase defi-
ciency [31]. In one early review, O’Brien questioned,
whether the patient from the Jatzkewitz-Sandhoff-
paper had the disease at all [30].

The Jatzkewitz-Sandhoff paper [14]
prompted further group-activities supported by na-
tional and international colleagues, who agreed to
provide selected tissues probes incl. fresh and fresh-
frozen samples from “Al” patients for further analy-
sis by Sandhoff. Several researchers knew each
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Figure 3. Original historical slides from selected CNS sites of patient “Kn”. Specimen were well preserved stained Mallory, an additional
neocortical specimen underwent some “fat-stain”, not otherwise specified (scanned with Zeiss AxioScan.Z1). The cerebral slides (lower
row: neocortex and hippocampal region) illustrate the severe cortical pathology characterized by shrinking of the cortical band with pro-
found loss of neurons. Residual neurons show the typical swollen, ballooned morphology of a CNS lipidosis. When going into detail on
large magnifications, the neuronal pathology is seen well in brainstem also, esp. in the medulla/olive specimen (upper row, middle).
Within the hippocampus proper there seems to be profound loss of pyramidal neurons, which could represent hippocampal sclerosis (this

specimen was not available in other stains).

Clicking into the picture will lead you to the full virtual slide.

other personally and also cooperated, such as
Sandhoff and O’Brien or Sandhoff and H.
Moser/Boston (Sandhoff, personal communication,
[39]). Such cooperation rapidly expanded the expe-
rience and led to description of further lipid storage
disease variants, especially with respect to the GM2-
gangliosidoses, including the hexosaminidase-0-var-
iant later known as “Sandhoff’s disease” ([23], [33],
[40]). Beyond this, further variants were described,
including cases with storage but normal enzyme lev-
els, indicating the presence of co-factors [44].

What happened to the original histological slides
and patient documentation until today?

Kn’s original slides were found within the His-
torical Archive of the Max Planck Institute for Psy-
chiatry in Munich by registrar C. Dlicker after intense
search by BS Kasper had revealed enough detail in
order to clearly identify them correctly, for there
was no specific finding aid. The crucial informations
were patient initials (“Kn”) and age (“7%"), as well as
the institutional archive case number (55/36) listed
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in the Sandhoff doctoral thesis only ([43], see sup-
plement 2). An earlier paper on Al from Munich [8],
which had recruited its cases from the Munich neu-
ropathology collection also, served as cross refer-
ence, since it happened to list respective overlap-
ping information including patient initials and age
(see supplement 3). Thus, tissue samples of “case
55/36” could be identified in two case boxes labelled
“Al” at MPI archives (see supplement 4). Luckily, the
MPI archive stored one single additional document
relating to “Kn”, a clinical report giving some more
details about the patient child, including full name,
date of birth, date of death and the name of the car-
ing medical institution prior to his death (see supple-
ment 5). This finally allowed to identify further clini-
cal records preserved within another Munich ar-
chive, i.e. the Archbishop of Munich & Freising’s ar-
chive (see supplement 6); for reasons of clerical law
and tradition, this archive keeps documents much
longer than done by average public hospitals. The
Munich Psychiatric hospital’s Archive did no longer
store any documents (explored by P. Rauh, see
acknowledgement).

What is known about the patient behind the
paper?

The patient designated “Kn” in the respective
publications ([8], [14], [15]) was a boy named Jo-
hann Knott, born April 11™ 1928. Early on, he lived
with a foster mother in Munich, but soon was put
under guardianship by Munich city administration.
This way he came into an asylum in Schénbrunn near
Munich early due to his severe disability labelled
“Little’s disease”. Asylum notes describe the kid as
unable to talk, unable to walk, suffering from epi-
lepsy and being “very poor”. He was referred to the
Munich University Hospital (“Nervenklinik”) in June
1932, where he stayed until April 1933. At admission
he was described as apathic and without reaction to
external stimuli. He was noted to show impaired
swallowing and an aberrant breathing pattern. Phys-
ical and neurological examination was reported with
brisk reflexes, abnormal muscular tone, but ocular
fundi were reported as normal. The boy had multi-
ple epileptic seizures every day described as tonic
without further detail. Affected by pneumonia, he
died at Schénbrunn February 23™ 1936 (see supple-
ments 5-7). It is important to note, that Kn’s death
and postmortem investigation in no way is related
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to the Nazi euthanasia program (confirmation with
support by P. Rauh; see acknowledgement, please
read supplement 10). The role of German Neuropa-
thology as well as clinical medicine during the NS-
regime is at the focus of ongoing research (see sup-

plement 10).

What can be seen on the original slides?

At the historical archive of the Munich Max-
Planck-Institute for Psychiatry, 194 microscopic
slides were found stored together with the original
diagnostic report (see supplements 4 & 9) and the
clinical note mentioned above (supplement 5). The
slides encompass a systematic selection of CNS sites
including specimens of the spinal cord, selected
brain stem levels such as medulla and pons, cerebel-
lum and various cortical samples quite differently
stained. Stains according to the original report and
(inconstant) slide labelling included Bielschowsky-,
Nissl-, Holzer-, Mallory-, Heidenhain-, “fat-” and
“pikrofuchsin”-stains. While a significant number of
slides were no longer useable due to severe aging
and bleaching, several slides were preserved quite
well. The reader is invited to explore a selection of
well-preserved slides here (see Figure 3 and slide-
links). It is interesting to compare these examples to
the original drawings drawn by van Gieson, provided
in Bernard Sachs’s 1887 publication [35] on “amau-
rotic idiocy” (see Figure 4, and supplement 8).

Have the original materials been used for modern
molecular approaches and what was the result?

To the best of our knowledge, the original ma-
terials of the patient Johann Knott presented here
so far were not used for any modern molecular anal-
ysis later on, although materials participated in one
subsequent ganglioside quantification analysis [15].
For this re-visitation, we performed a genetic analy-
sis using a selected fraction of Kn’s archived material
using only sections no longer usable for microscopy
due to aging effects. This procedure was covered by
a positive vote of the ethics commission at Munich
University/LMU (Nr. 22-1021): Materials & Meth-
ods: Formalin-fixed paraffin-embedded (FFPE) cere-
bellar sections from the Historical Archive of the
Max Planck Institute for Psychiatry in Munich were
used as follows. Genomic DNA was extracted from
three stained sections. The slides were incubated in
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Figure 4. Original drawings by I. van Gieson (1866-1913), from
Sachs’s publication 1887 [36] (Courtesy of the National Library
of Medicine). See supplement 8.

xylene (Bergchemie J. C. Brocking) for 14 days to en-
able lifting of the cover slip. Tissue was overlayed
with Incubation Buffer containing Proteinase K
(Maxwell FFPE Plus DNA Kit, Promega), scraped from
the surface using a scalpel and resuspended for
transfer into a 1.5 ml reaction tube to perform DNA
extraction using the Maxwell FFPE Plus DNA Kit
(Promega). DNA was quantified using the Quanti-
Fluor ONE dsDNA System (Promega) and 20 ng were
subjected to the Infinium HD FFPE Restore Protocol
(Hlumina, Zymo). Finally, 1 pl of the restored gDNA
was inspected by Genomic DNA ScreenTape assay
(Agilent) to determine DNA Integrity Number (DIN)
and concentration (Figure 5A). Although DNA integ-
rity was low (1.0), the Exome 2.0 Kit (Twist Biosci-
ence) could be successfully applied for library prep-
aration and sequencing was performed on a No-
vaSeq 6000 device. After base calling and adapter
trimming, alignment to the human reference ge-
nome (Homo_sapiens.GRCh37.75 complete) and
variant calling were performed using Dragen
v07.021.624.3.10.10. Variants were annotated using
the variant effect predictor (v100) for functional an-
notations, pathogenicity scores, population allele
frequencies and to determine the effect of called
variants on genes, transcripts, and protein se-
qguence. Variants were manually inspected with the
integrative genomics viewer (IGV). Results are illus-
trated in figure 5.
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Epilogue

Amaurotic idiocy (Al), as exemplified by Tay-Sachs-
Disease (TSD), had remained a fatal, enigmatic con-
dition for a long period of time. Al’s impressive cel-
lular pathology, affecting neuronal cells throughout
the nervous system quite specifically, was recog-
nized as early as 1887 ([36] supplement 8). After
separating the tissue pathology later to be known as
ceroid-lipofuscinosis [62; 46-48] classic neuromor-
phology for decades had not much to contribute to
the differentiation of Al, for its CNS pathology ap-
peared rather uniform [25]. Significant advances in
this field were largely driven by biochemical insight
into composition and distribution of central nervous
compounds and by applying newly emerging tech-
niques between 1920 and 1960, exemplified by the
works of Klenk [19-21], Kuhn & Wiegandt [24], Sven-
nerholm [53] and Sandhoff ([42], [45]). Sandhoff’s
original observation [14] revisited here opened the
door to the realization that TSD-like Al was not a ho-
mogenous entity, but a spectrum of neurometabolic
diseases [2].

Triggered by detailed analysis of Johann Knott
(Kn) and subsequent findings the field expanded and
evolved rapidly ([2], [16], [44], [45]) leading toO in
depth characterization of the different forms of lipid
storage disease, including enzymes & genes in-
volved. Thus, GM1-gangliosidosis today can be sum-
marized as a rare autosomally inherited lipid catab-
olism defect caused by deficiency of beta-galacto-
sidase, encoded by the gene GLB1 on chromosome
3, leading to lysosomal storage of ganglioside GM1
and its sialic-free residue GA1 ([2], [16], [28]] en-
compassing various clinical forms ([3], [16], [52]).
The term “Al” has long been abandoned and is now
replaced by more specific terms representing our re-
fined understanding.
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Figure 5. (A) DNA fragment analysis. Fragment analysis of gDNA isolated from formalin-fixed paraffin-embedded tissue shows high DNA
degradation. The figure shows DNA fragment sizing and quantification using Genomic DNA ScreenTape assay. (B) IGV screenshots showing
representative images of the two heterozygous mutations: GLB1 (NM_000404.4): c.400G>A; p.G134R (top) and GLB1 (NM_000404.4):
¢.931G>A; p.G311R (bottom). Both mutations have been described in patients with GM1 gangliosidosis [28].
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