
Chapter 2

Creators and Creations in Biology
and Medicine

O dieses ist das Tier, das es nicht giebt.
Sie wußtens nicht und habens jeden Falls
—sein Wandeln, seine Haltung, seinen Hals,
bis in des stillen Blickes Licht—geliebt.

Zwar war es nicht.
. Doch weil sie’s liebten, ward
ein reines Tier. Sie ließen immer Raum.
Und in dem Raume, klar und ausgespart,
erhob es leicht sein Haupt und brauchte kaum

zu sein. Sie nährten es mit keinem Korn,
nur immer mit der Möglichkeit, es sei.
Und die gab solche Stärke an das Tier,

daß es aus sich ein Stirnhorn trieb.
. Ein Horn.
Zu einer Jungfrau kam es weiß herbei—
und war im Silber-Spiegel und in ihr.

Oh this is the animal that never was.
They didn’t know that and dared nonetheless
to love its transformations, its bearing, its gait,
till in the tranquil gaze of light, it lived.

Really it never was.
. Yet as they loved it, it
became a pure creature. They always left room.
And in that space, empty and set aside,
it lightly raised its head and scarcely needed

to be. They nourished it with no corn,
only and always with the possibility of being.
And that gave such strength to the creature,

that it grew a horn on its forehead.
. One horn.
It came to a young woman, all white—
and was in the silver mirror and in her.

Rainer Maria Rilke. 1923.
Die Sonette an Orpheus [Sonnets to Orpheus]

Part II, 4. Leipzig: IM Insel.

This chapter gives an overview of some innovations in biology and medicine that have played major
roles in the modern world and that were discovered or invented by scientists, doctors, and engineers
who were trained in the predominantly German-speaking central European research world in the
nineteenth and early twentieth centuries. As may be seen from the examples cited in this chapter,
the large number, profound impact, and lasting nature of those contributions are quite striking.
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Over the course of the nineteenth century, intellectual leadership in biology and medical research
began to pass from primarily French and British scientists to largely German-speaking scientists.1

France was weakened by nearly a century of continual political upheaval that followed the French
Revolution. As extraordinarily farsighted and productive as Louis Pasteur and those gathered
around him were, it is di�cult to identify a widespread culture of comparable biologists in France by
the late nineteenth century. Since previous centuries, at any given time the United Kingdom main-
tained a relatively small number of scientists who made enormously important biology and medical
contributions; such British biologists still existed in the late nineteenth century (e.g., Charles Dar-
win, Alfred Russel Wallace, and Joseph Lister), yet their modest numbers became overwhelmed
by the large numbers of talented German-speaking biologists. By the mid- to late-nineteenth cen-
tury, German-speaking creators were also producing microscopes with the greatest clarity at high
magnifications (Section 6.9), and that gave a further advantage to German-speaking biologists and
doctors.

As covered in this chapter, creators from the German-speaking world made major contributions to:

2.1. Cellular and molecular biology

2.2. Microbiology and immunology

2.3. Neuroscience

2.4. Cardiovascular medicine

2.5. Vitamins and hormones

2.6. Developmental biology and embryology

2.7. Aerospace medicine and other aspects of physiology

2.8. Botany

1In addition to specific references that are cited in di↵erent areas throughout this chapter, this chapter makes
use of general biographical and project information from: ACLS 2000; Albrecht et al. 1992; Ash and Söllner 1996;
Bar-Zohar 1967; Bower 1987; Bunch and Hellemans 2004; Challoner 2009; Cornwell 2003; Crim 2018; EB 1911, 2010;
Gillispie 1970–1990; Gimbel 1990a; Glatt 1994; Hall 2019a; István Hargittai 2006, 2011; Linda Hunt 1991; Impey
et al. 2008; Jacobsen 2014; Koertge 2007; Kurowski 1982; Lasby 1971; Lusar 1956, 1971; Medawar and Pyke 2000;
Mick 2000; Murray 2003; Nachmansohn 1979; NDB 1953–2020; Neufeld 2012; Nouzille and Huwart 1999; O’Reagan
2014, 2019; Porter 1994; Charles Walker 1946; Peter Watson 2010; Weitensfelder 2009.

For general overviews of large portions of the history of biology and medicine in the German-speaking world,
see: Deichmann 1996; Gedeon 2006; Henry Harris 1999; Jahn 2004; Junker 2004; Kohler 2008; Lagerkvist 1998, 2003,
2005; Magner 2002; Morange 2020; von Schwerin 2013; Simmons 2002.

I have deliberately left a blank space where images of some creators or creations should go.
Those are people or projects that I felt were important enough that they should definitely be shown in this book,
yet I have not yet been able to locate a suitable image that I have permission to use, despite my searches in Europe
and in the United States. If readers have any relevant images and could send them to me, I would be very grateful
and will include them in future editions of this book. Even where a suitable photo cannot be located, I believe that
leaving a blank space pays tribute both to the scientific importance of that creator or creation and to how that
historical fact has been very nearly forgotten.
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German-speaking creators also made numerous contributions to other biomedicine-related areas
listed in Chapters 3 (chemistry), 6 (optical and electron microscopy), and 8 (nuclear medicine).

A widely held view among historians of science is that German-speaking scientists lagged sig-
nificantly behind other parts of the world in the field of biotechnology [Szöllösi-Janze 2001, pp.
112–114]. As shown in this chapter and in Appendix A, German-speaking scientists actually led
the world in developing most of the knowledge, tools, methods, and applications of biotechnology:
culture of prokaryotic (bacteria) and eukaryotic (yeast, animal, and plant) cells for laboratory and
industrial applications, DNA extraction and study, immunoassays, enzymes, etc.

Even American and British o�cials overseeing the transfer of science and technology from Germany
to the United States after World War II were shocked by the quantity and quality of biology-
related innovations, and they recorded some of them for history. For example, in September 1945,
R. P. Linstead and T. J. Betts, the British and American chairs of the Combined Intelligence
Objectives Subcommittee (CIOS), listed a number of important German innovations regarding
pharmaceuticals [AFHRA A5186 electronic version pp. 904–1026, Ch. 4, p. 57]:

In the field of new pharmaceuticals a wide range of new products were discovered
by CIOS investigators. In the majority of instances, German testing methods were
inadequate to provide conclusive proof of their e�cacy. The following pharmaceuticals
were of special interest.

1. A method of producing inactive insulin by emincing fresh glands in alcohol. This
process results in much higher yields than those obtained by conventional methods.

2. Improved analgesics and hypnotics.

3. The use of DDD (German designation, ME-1700) as an insecticide. Germans claims
that this product is more e↵ective than DDT are currently being investigated. If
these claims are substantiated, the product would prove of great value since it can
be produced more cheaply than DDT, and is less toxic to warm blooded animals.

4. The development of peristone or synthetic blood plasma.

5. A new sulpha compound which had been synthesized, but not tested clinically.

The Germans were discovered to be using automatic machinery for filling and sealing
ampules. The advantages of this machinery are many: it eliminates the imperfect ster-
ilization, low output, inaccurate dosage, loss through spilling and high operating cost
which is characteristic of hand methods.

In a lengthy magazine article published in the United States in 1946, journalist Charles Lester
Walker gave a much longer list of examples he had learned from U.S. government personnel over-
seeing the technology transfer [Charles Walker 1946]:

In matters of food, medicine, and branches of the military art the finds of the search
teams were no less impressive. And in aeronautics and guided missiles they proved to
be downright alarming. One of the food secrets the Nazis had discovered was a way to
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sterilize fruit juices without heat. The juice was filtered, then cooled, then carbonated
and stored under eight atmospheres of carbon-dioxide pressure. Later the carbon-dioxide
was removed, the juice passed through another filter—which, this time, germ-proofed
it—and then was bottled. Some thing, perhaps, for American canners to think about.

Milk pasteurization by ultra-violet light has always failed in other countries, but the
Germans had found how to do it by using light tubes of great length, and simultaneously
how to enrich the milk with vitamin D.

At a plant in Kiel, British searchers of the Joint Intelligence Objectives Committee
found that cheese was being made—“good quality Hollander and Tilitser”—by a new
method at unheard-of speed. “Eighty minutes from the renneting to the hooping of the
curd,” report the investigators. The cheese industry around the world had never been
able to equal that.

Butter (in a creamery near Hamburg) was being produced by something long wished for
by American butter makers: a continuous butter making machine. An invention of dairy
equipment manufacturers in Stuttgart, it took up less space than American churns and
turned out fifteen hundred pounds an hour. The machine was promptly shipped to this
country to be tested by the American Butter Institute.

Among other food innovations was a German way of making yeast in almost limitless
quantities. The waste sulfite liquor from the beechwood used to manufacture cellulose
was treated with an organism known to bacteriologists as candida arborea at temper-
atures higher than ever used in yeast manufacture before. The finished product served
as both animal and human food. Its caloric value is four times that of lean meat, and
it contains twice as much protein.

The Germans also had developed new methods of preserving food by plastics and new,
advanced refrigeration techniques. Refrigeration and air-conditioning on German U-
boats had become so e�cient that the submarines could travel from Germany to the
Pacific, operate there for two months, and then return to Germany without having to
take on fresh water for the crew. A secret plastics mixture (among its ingredients were
polyvinyl acetate, chalk, and talc) was used to coat bread and cheese. A loaf fresh from
the oven was dipped, dried, redipped, then heated half an hour at 285 degrees. It would
be unspoiled and good to eat eight months later.

“As for medical secrets in this collection,” one Army-surgeon has remarked, “some of
them will save American medicine years of research; some of them are revolutionary[...]”

German medical researchers had discovered a way to produce synthetic blood plasma.
Called capain, it was made on a commercial scale and equalled natural plasma, in re-
sults. Another discovery was periston, a substitute for the blood liquid. An oxidation
production of adrenalin (adrenichrome) was produced in quantity successfully only by
the Nazis and was used with good results in combating high blood pressure (of which
750,000 persons die annually in the United States). Today we have the secret of manu-
facture and considerable supply.
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2.1 Cellular and Molecular Biology

Scientists from the greater German-speaking world were responsible for many of the major dis-
coveries and innovations in cellular and molecular biology.2 For convenience, in this section the
creators and creations in cellular and molecular biology are divided into five (somewhat arbitrary
and overlapping) categories:

2.1.1. Cell biology

2.1.2. DNA and genetics

2.1.3. Cancer

2.1.4. Proteins and enzymes

2.1.5. Mitochondria, respiration, and metabolism

The impressive history of cell biology in the German-speaking world is very well documented.
One could also make a strong case that scientists from the German-speaking world essentially
founded the whole field of molecular biology, dealing with the structures, natural functions, and
artificial manipulation of important biological molecules such as DNA (deoxyribonucleic acid), RNA
(ribonucleic acid), and proteins. This section provides a brief summary; see Appendix A for some
relevant archival documents.

2.1.1 Cell Biology

As shown in Figs. 2.1–2.6, the majority of important pioneers of cell biology were from the pre-
dominantly German-speaking scientific world. One should certainly not overlook the importance of
some British microscopists such as Robert Hooke (English, 1635–1703) and Robert Brown (Scot-
tish, 1773–1858), as well as some French microscopists such as Henri Dutrochet (1776–1847) and
François-Vincent Raspail (1794–1878) [Henry Harris 1999]. Nonetheless, over the course of the
nineteenth century, those relatively small numbers of British and French microscopists were over-
whelmed by the rapidly rising numbers and discoveries of German-speaking biologists, as well as the
improved tools for microscopy that were also coming out of the German-speaking world (Section
6.9).

Although this book focuses primarily on scientific history from around 1800 onward, it would
be impossible not to mention Antonie van Leeuwenhoek (Dutch, 1632–1723), who created the
first known microscope and used it to observe numerous types of single-celled and multicellular
organisms [Dobell 1960]. See pp. 1242 and 1249 for more information.

2For good overviews of portions of the history of cellular and molecular biology in the German-speaking world,
see especially: Deichmann 1996; Dominguez-Lacasa 2005; Gausemeier 2005; Gedeon 2006; Henry Harris 1999; Holmes
1993; Höxtermann and Sucker 1989; Jahn 2004; Junker 2004; Kohler 2008; Krebs 1981; 2005; Magner 2002; Perutz
1989, 1998; von Schwerin 2013; Simmons 2002 Sto↵ 2012.
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Johann Purkinje (Austrian/Czech, 1787–1869, Fig. 2.1) was arguably the founder of histology, the
microscopic study of cells from di↵erent tissues in the body. He used the improved microscopes that
were becoming available during the nineteenth century to study features of cells, especially those
from the central and peripheral nervous systems. Purkinje (and independently, Wilhelm His Sr., p.
375) invented the first practical microtome for making extremely thin slices from animal organs or
plants, and used that method to more easily visualize tissue structures under the microscope. He
also developed the use of balsam tree sap to seal microscope slides and preserve them indefinitely.
The Encyclopedia Britannica explained some of his scientific innovations and discoveries [EB 2010]:

[P]ioneer Czech experimental physiologist whose investigations in the fields of histology,
embryology, and pharmacology helped create a modern understanding of the eye and
vision, brain and heart function, mammalian reproduction, and the composition of cells.

Considered the founder of laboratory training in connection with university teaching
in Germany, Purkinje is best known for his discovery of large nerve cells with many
branching extensions found in the cortex of the cerebellum of the brain (Purkinje cells;
1837) and of the fibrous tissue that conducts the pacemaker stimulus along the inside
walls of the ventricles to all parts of the heart (Purkinje fibres; 1839). In describing
young animal embryos, he introduced protoplasm as a scientific term.

First to use the microtome (a mechanical device for slicing thin tissue sections), glacial
acetic acid, potassium bichromate, and Canada balsam in the preparation of tissue
samples for microscopic examination. Purkinje also described the experimental e↵ects
on humans of camphor, opium, belladonna, and turpentine (1829) and the visual images
produced by poisoning with digitalis and belladonna. He discovered the sweat glands of
the skin (1833) and the germinal vesicle, or nucleus of the unripe ovum, that now bears
his name (1825), recognized fingerprints as a means of identification (1823), and noted
the protein-digesting power of pancreatic extracts (1836).

Building on the work of Purkinje, Johannes Peter Müller (German states, 1801–1858, Fig. 2.1)
expanded the field of histology, studying both the macroscopic and the microscopic features of
tissues from a wide variety of animal and human samples. In addition to his own research, he had
an enormous scientific impact through the students whom he trained; he was the doctoral advisor for
future luminaries such as Hermann von Helmholtz, Jakob Henle, Robert Remak, Theodor Schwann,
and Rudolf Virchow.

Franz Meyen (Prussian, 1804–1840, Fig. 2.1), a botanist and microscopist, published a series of
plant physiology books in the 1830s in which he wrote that plants were divided into many similar
cells, and that new cells arose from the division of existing cells. Both of those discoveries were
foundational to the field of cell biology.

Matthias Schleiden (German 1804–1881, Fig. 2.2) studied a variety of plants and plant tissues under
the microscope and was another of the first scientists to recognize that larger organisms are divided
into many similar cells. He studied the cell nucleus, cell division, and other aspects of cells. Oxford
University’s Biographical Dictionary of Scientists listed some of his discoveries [Porter 1994, pp.
607–608]:

German botanist who, with Theodor Schwann, is best known for the establishment of
the cell theory. [...]
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Schleiden was the first to recognize their importance as the fundamental units of living
organisms when, in 1838, he announced that the various parts of plants consist of cells
or derivatives of cells. [...]

Schleiden also researched into other aspects of cells. He recognized the importance of
the nucleus (which he called the cytoblast) in cell division[...] In addition, he noted the
active movement of intracellular material in plant tissues[...]

Rudolph Wagner (German states, 1805–1864, Fig. 2.2) conducted microscopic research on the
central and peripheral nervous systems, egg cells, and other tissues.

Jakob Henle (German, 1809–1885, Fig. 2.2) studied with Johannes Müller before having his own
successful career studying and cataloging the macroscopic and microscopic features of tissues from
a wide variety of organs.

Theodor Schwann (German, 1810–1882, Fig. 2.2) showed that animal tissues were composed of
cells with nuclei and other features, just as Meyen and Schleiden had shown for plants. He studied
a wide range of tissues under the microscope and classified cells by their features and apparent
functions. Oxford University’s Biographical Dictionary of Scientists described some of his research
[Porter 1994, p. 611]:

In 1834, Schwann began to investigate digestive processes and two years later isolated
from the lining of the stomach a chemical responsible for protein digestion, which he
called pepsin. This was the first enzyme to be isolated from animal tissue[...] Schwann
then studied fermentation and between 1836 and 1837 showed that the fermentation
of sugar is a result of the life processes of living yeast cells (he later coined the term
metabolism to denote the chemical changes that occur in living tissue). [...]

Giving numerous examples from many di↵erent types of animal tissues, Schwann in
his Microscopical Researches concluded that all organisms (both animals and plants)
consist entirely of cells or of products of cells and that the life of each individual cell
is subordinated to that of the whole organism. The cell theory soon became widely
accepted and is today recognized as being one of the most important concepts in biology.

Schwann also discovered the cells (now called Schwann cells) that make up the myelin
sheath surrounding peripheral nerve axons, and the striated muscle in the upper region
of the oesophagus. In addition, he noted that an egg is a single cell that eventually
develops into a complex organism—a basic principle in embryology.

Gabriel Gustav Valentin (German, 1810–1883, Fig. 2.3) worked with Purkinje and then moved to
Switzerland, where he continued to study the histology of many di↵erent organs.

Rudolf von Kölliker (Swiss, 1817–1905, Fig. 2.3) catalogued important characteristics and struc-
tures of cells from skeletal or striated muscle, smooth muscle, skin, both, blood vessels, the central
and peripheral nervous systems, and other tissues. He also investigated tissues in a wide vari-
ety of animals and embryos. The American Council of Learned Societies summarized some of his
contributions [ACLS 2000, p. 495]:

[...A]warded Ph.D. at Zurich for determining cellular nature of spermatozoa of inverte-
brates (1841); awarded M.D. from Heidelberg (1842). [...R]ecognized cellular nature of
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muscle fibers (1846)[...] Published Mikroskopische Anatomie (1850–54), which presented
study of tissue in terms of cell theory; Koelliker’s classification of tissues, presented in
Handbuch der Gewebelehre des Menschen (1852), became accepted throughout Europe.
Also employed cell theory in interpreting development of the embryo; demonstrated
that same types of developmental processes occur in both invertebrates and vertebrates;
viewed the egg as single cell. Suggested that the nucleus transmitted inherited charac-
teristics (1841) and foreshadowed De Vries’s theory of mutations; helped substantiate
doctrine of the neuron as basic unit of nervous system (circa 1884) [...] he helped estab-
lish histology and cytology as independent branches of science.

Joseph von Gerlach (German, 1820–1896, Fig. 2.3) was one of the main developers of modern
microscope stains, which stain di↵erent substances di↵erent colors and make it much easier to see
cellular features that would otherwise be essentially transparent structures within a transparent
fluid. He was also one of the originators of photomicrography, so that microscopic structures could
be shown by actual photographs instead of hand-drawn sketches.

Rudolf Virchow (German, 1821–1902, Fig. 2.4) greatly elaborated on the earlier work by Schwann
and others, publishing voluminous writings on the microscopic features of various cells and tissues,
as well as their roles in the origins of numerous diseases such as cancer and arthritis. He also made
fundamental contributions in many other fields. The Encyclopedia Britannica gave some idea of the
diversity of Virchow’s interests and achievements [EB 2010]:

German pathologist and statesman, one of the most prominent physicians of the 19th
century. He pioneered the modern concept of pathological processes by his application
of the cell theory to explain the e↵ects of disease in the organs and tissues of the body.
He emphasized that diseases arose, not in organs or tissues in general, but primarily
in their individual cells. Moreover, he campaigned vigorously for social reforms and
contributed to the development of anthropology as a modern science. [...]

As an intern at the Charité Hospital, he studied pathological histology and in 1845 pub-
lished a paper in which he described one of the two earliest reported cases of leukemia.
This paper became a classic. [...]

Early in 1848 Virchow was appointed by the Prussian government to investigate an
outbreak of typhus fever in Upper Silesia; his subsequent report laid the blame for the
outbreak on social conditions and on the government.

In 1859 he was elected to the Berlin City Council, on which, for the rest of his life, he
focused on public health matters, such as sewage disposal, the design of hospitals, meat
inspection, and school hygiene. He supervised the design of two large new Berlin hospi-
tals, the Friedrichshain and the Moabit, opened a nursing school in the Friedrichshain
Hospital, and designed the new Berlin sewer system.

His work on the role of animal parasites, especially trichina, in causing disease in humans
was fundamental and led to his own public interest in meat inspection. In 1874 he
introduced a standardized technique for performing autopsies, by the use of which the
whole body was examined in detail, often revealing unsuspected lesions.

In 1865 Virchow discovered pile dwellings in northern Germany, and in 1870 he started
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to excavate hill forts. [...H]e accompanied Schliemann to Troy in 1879 and to Egypt in
1888.

Max Schultze (German, 1825–1874, Fig. 2.5) studied cellular structures and developed methods of
classifying di↵erent types of cells.

Karl Wilhelm von Kup↵er (Baltic German, 1829–1902, Fig. 2.5) conducted wide-ranging work in
histology, studying cells from the central nervous system, kidneys, pancreas, spleen, blood vessels,
and other tissues, as well as from embryos.

By studying plant cells under the microscope, Wilhelm Pfe↵er (German, 1845–1920, Fig. 2.5)
discovered the importance of osmotic pressure, and he developed methods to measure it.

Paul Mayer (German, 1848–1923, Fig. 2.5) further improved and systematized the microscope
staining methods that had been introduced by Joseph von Gerlach and others.

A number of German-speaking scientists helped to develop methods of isolating cells from larger
organisms and using “tissue culture” techniques to keep those cells alive and even get them to
reproduce under laboratory conditions (Fig. 2.6).3

Wilhelm Roux (German, 1850–1924) conducted the first animal cell tissue culture experiments in
1885, removing medullary plate cells from a chicken embryo and keeping them alive in culture for
13 days.

Paul Grawitz (German, 1850–1932) experimented with tissue culture of additional animal cell types
in the 1890s.

Gottlieb Haberlandt (Austrian, 1854–1945) developed plant cell tissue culture and also discovered
totipotency, the ability of some “stem” cells to give rise to any type of specialized cell in an organism,
in 1902. He was the father of Ludwig Haberlandt, who invented oral contraceptives (p. 352).

Paul Alfred Weiss (Austrian, 1898–1989) moved to the United States in 1930 and helped to develop
improved methods for animal tissue culture there.

At the Friedrich Loe✏er Institute, Friedrich Hecke (German?, 18??–19??), successfully demon-
strated the first practical cultivation of viruses in tissue culture: foot-and-mouth disease virus
(1930) and hog cholera virus (1932). Growing viruses in tissue culture is an immensely powerful
technique that is now widely utilized to conduct preliminary tests of the properties of viruses and
potential treatments for viruses much more rapidly and cheaply than can be done in animals. Tissue
culture of viruses also became an important and widespread method of preparing “safe” versions of
viruses to make vaccines that will protect humans or animals against the real version of the virus.

Other German-speaking scientists who contributed to cell biology are listed in other sections in
this chapter, if their work was especially applicable to DNA, neuroscience, embryology, botany, or
other areas.

3Ross Harrison (American, 1870–1959) began testing animal cell tissue culture methods in the United States
in 1907, and is much better known in the English-speaking world than the earlier German-speaking tissue culture
pioneers. It would be quite helpful for someone to write a deeply researched history of the early development of animal
and plant tissue culture in the German-speaking world, including the work by and influence of Wilhelm Roux, Paul
Grawitz, Gottlieb Haberlandt, Paul Alfred Weiss, Friedrich Hecke, and others.
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Figure 2.1: Johann Purkinje, Johannes Müller, and Franz Meyen pioneered the study of cell biology.
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Figure 2.2: Other creators who made major contributions to cell biology included Matthias Schlei-
den, Rudolph Wagner, Jakob Henle, and Theodor Schwann.
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Figure 2.3: Other creators who made major contributions to cell biology included Gabriel Gustav
Valentin, Rudolf von Kölliker, and Joseph von Gerlach.
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Figure 2.4: Rudolf Virchow was another pioneer of cell biology.
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Figure 2.5: Other creators who made major contributions to cell biology included Max Schultze,
Karl Wilhelm von Kup↵er, Paul Mayer, and Wilhelm Pfe↵er.
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Figure 2.6: Wilhelm Roux, Paul Grawitz, Paul Alfred Weiss, and Friedrich Hecke helped to de-
velop tissue culture methods for growing animal cells in the laboratory, while Gottlieb Haberlandt
developed plant cell tissue culture.
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2.1.2 DNA and Genetics

As shown in Fig. 2.7, DNA (deoxyribonucleic acid) is divided into several chromosomes in the
nucleus of a cell. DNA forms a double-stranded helix, in which each strand is composed of a
sequence of four possible bases or nucleotides: adenine (A), cytosine (C), guanine (G), and thymine
(T). Each A on one strand is electrostatically attracted to a T on the other strand, and each C is
attracted to a G. The bases of a strand are connected via a chain of alternating sugar and phosphate
groups. RNA (ribonucleic acid) is very similar but uses a uracil (U) base instead of T.

German-speaking scientists founded and dominated the field of DNA and genetics research until
World War II (with the exception of a few early foreign scientific competitors, chiefly the American
Thomas Hunt Morgan and his students).4 See Figs. 2.8–2.24. The dissemination of their discoveries
(and in many cases, the diaspora of the scientists themselves) before, during, and after the war
seeded research in this field around the world.

Franz Andreas Bauer (Austrian, 1758–1840) studied plants under the microscope and painted what
he saw. He was the first or one of the first scientists to observe and depict the nuclei of cells (before
the Scottish scientist Robert Brown, who is usually given credit in English-language science history
books).

Franz Unger (Austrian, 1800–1870) worked in the fields of paleontology, plant physiology, and
microscopy. He proposed that elements inside plant cells carry hereditary traits, and those ideas later
influenced Gregor Mendel. He also suggested that the descendants of species could gradually evolve
into other species over generations—before Charles Darwin, who garnered much more attention.

Hugo von Mohl (German, 1805–1872) studied plant cells under the microscope too. He was respon-
sible for naming the contents of the cell the “protoplasm.” He was also the first or one of the first
scientists to observe mitosis, or the division of one cell and its nucleus into two cells, each with its
own nucleus.

Robert Remak (Prussian, 1815–1865) observed and confirmed the process of mitosis for cell division,
and in addition was one of the founders of the field of developmental biology and embryology.

Carl Wilhelm von Nägeli (Swiss, 1817–1891) studied the division of nuclei in cellular mitosis, as
well as the fusion of nuclei in plant pollination.

Harald Bagge (German, 1817–1895) noted that in mitosis, the division of the nucleus occurs before
the division of the cell.

Franz Leydig (German, 1821–1908) also studied the process of mitosis for various cell types.

As is now well known, Gregor Mendel (Austrian, 1822–1884) discovered the rules of genetics using
plants he grew at his monastery, and meticulously documented his discoveries and explanations in
a lengthy book. See Fig. 2.8. It is less well known that Mendel also conducted research in several
other fields, including astronomy and meteorology. Oxford University’s Biographical Dictionary of

4Bateson 1909; Bielka 2002; Brandt 2004; Corcos and Monaghan 1993; Deichmann 1996; Dostál 2016; Edelson
1999; Ernst Fischer 1988; Gamow 1953, 1967, 1970; Gausemeier 2015; Harwood 1987, 1993; Henig 2000; Jahn 2004;
Junker 2004; Knippers 2017; Kohler 1994; Lagerkvist 1998; Magner 2002; Mawer 2006; Mayr 1984; Morange 2020;
Müller-Wille and Brandt 2016; Müller-Wille and Rheinberger 2012; Olby 1994; Pasternak 2004; von Schwerin 2004;
Segrè 2011; Sloan and Fogel 2011; Stubbe 1965; Timofée↵-Ressovsky 1935; Weinberg 1908; Gareth Williams 2019.
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Scientists summarized Mendel’s research on genetics [Porter 1994, p. 475]:

Mendel began the experiments that led to his discovery of the basic laws of heredity in
1856. Much of his work was performed on the edible pea (Pisum sp.), which he grew in
the monastery garden. He carefully self-pollinated and wrapped (to prevent accidental
pollination by insects) each individual plant, collected the seeds produced by the plants,
and studied the o↵spring of these seeds. [...] Mendel also studied other characteristics in
pea plants, such as flower colour, seed shape and flower position, finding that, as with
height, simple laws governed the inheritance of these traits. From his findings Mendel
concluded that each parent plant contributes a factor that determines a particular trait
and that the pairs of factors in the o↵spring do not give rise to an amalgamation of
traits. These conclusions, in turn, led him to formulate his famous law of segregation
and law of independent assortment of characters, which are now recognized as two of
the fundamental laws of heredity.

Mendel reported his findings to the Brünn Society for the Study of Natural Science in
1865 and in the following year he published Experiments with Plant Hybrids, a paper
that summarized his results.

Wilhelm Hofmeister (German, 1824–1877) was the first or one of the first scientists to identify and
study individual chromosomes within the nuclei of plant cells.

August Weismann (German, 1834–1914) proposed methods by which cellular material could be
inherited from one generation to the next and could lead to the evolution of species. He studied cell
division and was the first to distinguish between mitosis (cell division that leads to two identical
cells with the same numbers of chromosomes as the original cell) and meiosis (cell division that
creates sperm and egg cells with half the numbers of chromosomes as the original cell).

Wilhelm von Waldeyer-Hartz (German, 1836–1921) studied and gave the name “chromosomes” to
the individual components of the nucleus.

Johannes Friedrich Miescher (Swiss, 1844–1895) purified DNA (which he called nuclein) from cel-
lular nuclei and suggested that the DNA could be involved in heredity. See Fig. 2.9. Historian of
science Lois Magner explained Miescher’s research [Magner 2002, pp. 422–423]:

After receiving his M.D. degree (1868), Miescher began his remarkable studies of the
physiological chemistry of pus cells [white blood cells], which were obtained by washing
out used bandages from the surgical clinic. Given the high rate of postsurgical infection
found in European hospitals at the time, a plethora of pus cells was always available.
Attempting to purify pus cell nuclei, Miescher subjected his preparations to an acid
extract of pig gastric mucosa (a crude preparation of the protein-digesting enzyme called
pepsin). After this treatment, Miescher obtained an organic acid that had a remarkably
high phosphorus content. The solubility properties of this substance, and its resistance
to pepsin, suggested that it was a previously unknown cell constituent. Although this
novel material was not well characterized, it was given the name nuclein. Later Miescher
demonstrated that nuclein could also be isolated from salmon sperm. [...]

[H]e did suggest that if some substance in the sperm were the specific cause of fertil-
ization, it would have to be nuclein. [...] Privately, Miescher speculated on the possible
role of nuclein in the transmission of heritable traits.



88 CHAPTER 2. CREATORS AND CREATIONS IN BIOLOGY AND MEDICINE

Walther Flemming (German, 1843–1905) was the one who dubbed the usual process of cell division
“mitosis.” Beginning in 1873, he conducted extensive studies of the structure and behavior of
chromosomes in various cell types and in cell division, as shown in Fig. 2.10.

Eduard Strasburger (Polish/German, 1844–1912) studied the chromosome distribution in mitotic
and meiotic cell division, and coined the words “nucleoplasm” and “cytoplasm” for the contents of
the nucleus and the rest of the cell.

Hugo de Vries (Dutch, 1848–1935) rediscovered the rules of genetics after Mendel, and attributed the
inherited traits to microscopic particles he called “pangenes,” which was later shorted to “genes.”
He dubbed changes in genes “mutations,” and explained the importance of mutations for evolution.
He was also the first scientist to propose that homologous recombination or crossing over occurs
between two chromosomes of the same type during meiosis.

Oskar Hertwig (German, 1849–1922) studied and reported details of the processes of mitosis and
meiosis, and stated that DNA (nuclein) was the material that carried hereditary traits. He was the
father of Paula Hertwig, who also conducted DNA research.

Wilhelm Roux (1850–1924) studied the role of chromosomes in fertilization and cell division. He
was also one of the founders of the field of developmental biology.

Richard Altmann (German, 1852–1900) built on Miescher’s work to purify DNA (nuclei), confirming
that the substance was acidic and naming it “nucleic acid” in 1889.

Carl Rabl (Austrian, 1853–1917) tracked individual chromosomes through the stages of replication
and cell division.

Albrecht Kossel (German, 1853–1927), shown in Fig. 2.11, determined the chemical composition of
nucleic acids purified from cells. He showed that nucleic acids contain five di↵erent bases: adenine,
cytosine, guanine, thymine, and uracil (including both DNA and RNA). Kossel found that those
bases were connected via linkages of sugars and phosphates. He also isolated and studied proteins
that bind to nucleic acids in the nucleus, which were determined to be histones and other accessory
proteins [Mary Ellen Jones 1953]. For these discoveries, he won the Nobel Prize in Physiology or
Medicine in 1910. Professor the Count K. A. H. Mörner, Rector of the Royal Caroline Institute,
explained the revolutionary importance of Kossel’s research on both nucleic acids and proteins
[www.nobelprize.org/prizes/medicine/1910/ceremony-speech/]:

The cells of the organism exhibit on the one hand certain special characteristics ac-
cording to the organs to which they belong and on the other hand general, shared
characteristics as well. It has long been known, and is easy to demonstrate, that the
main mass of their organic substance consists of materials belonging to the group of pro-
tein bodies. They are however dissimilar in di↵erent cases. The development of protein
chemistry in general, and of the specialized knowledge of the protein bodies occurring
in cells and of the combined forms in which they appear, is therefore an important
link in the chain of knowledge of cell chemistry and consequently also a factor of great
importance in research on cellular life and functions.

[...] Professor Kossel has since then enlarged the knowledge by the discovery of new,
related substances, and in particular he has, by means of extensive work using new
methods which he himself elaborated, carried the knowledge of the quantitative rela-
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tionships of these substances in the protein molecule further than is the case for the
other protein breakdown products.

There are several kinds of proteins. One group which is included here are the so-called
protamines obtained from the milt of fish. Kossel has made a detailed study of these.
For these a relatively simple structure has been discovered inasmuch as the number
of dissimilar atom groups in them is not very great. They therefore present simpler
relationships than proteins in general, and consist mainly of substances belonging to
the group which I have just called basic breakdown products of protein. For certain
protamines Kossel, thanks to his methods of determination, has in fact been able to es-
tablish the quantitative relationships of the building blocks making up these protamines,
a goal which we seem to be far from attaining where the other proteins are concerned.
[...]

One protein group, first observed by Kossel, consists of the so-called histones. They
stand between the protamines and what is termed ordinary protein. This group, again,
is important because of its occurrence as a component of certain cells, and has also been
studied in detail by Kossel.

Professor Kossel has made an extensive and important study of the problem of the
protein compounds in cells. As we have already mentioned, the proteins are very complex
bodies. Within the cells the relationships are further complicated by the fact that the
proteins there are combined in varying degrees with other substances such as those
grouped under the name of “nucleic acids”. These, too, are far from simple in structure.
They form phosphorus-containing organic substances which, together with a form of
phosphoric acid, usually contain purine bodies, pyrimidine bodies and a form of sugar
or related substance. Professor Kossel has devoted a great part of his activity to these
problems. It is not practicable to give an account of the details without taking up too
much time, and they must therefore be passed over on this occasion. I will restrict myself
to remarking that these nucleic acids by their presence in the cells and their relation
to the protein bodies found there, certainly possess a great biological significance; and
furthermore I should like to emphasize that it is to Kossel and his pupils especially that
we owe our present advanced knowledge of these problems.

Wilhelm Weinberg (German, 1862–1937) rediscovered and extended Mendel’s work on rules of ge-
netic inheritance. No later than 1907, he discovered the principle of genetic equilibrium of alleles
(di↵erent versions of a gene) within a population that was later rediscovered by the British math-
ematician G. H. Hardy. See Fig. 2.12. English-language science books have tended to credit Hardy
and not Weinberg’s earlier work, or at most to call it the Hardy-Weinberg principle.

Theodor Boveri (German, 1862–1915) had an enormously productive and underrated scientific
career. He discovered and named the centrosome that guides chromosomes apart when a nucleus
divides. He also demonstrated that proper embryonic development requires the presence of the
normal number of chromosomes for a given species. He made many important discoveries regarding
the role of mutations to the chromosomes in causing cancer.

Karl Correns (German, 1864–1933) was another scientist who rediscovered and extended Mendel’s
work on rules of genetic inheritance. In addition, he found that plant cells inherit their properties
not only from genes in the nucleus, but also from genes in chloroplasts and mitochondria.
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Phoebus Levene (Baltic Jewish, 1869–1940) worked with Albrecht Kossel and Hermann Emil Fis-
cher. He continued and extended Kossel’s research on the chemical composition and structure of
DNA and RNA.

Erich Tschermak von Seysenegg (Austrian, 1871–1962) also rediscovered and extended Mendel’s
work on rules of genetic inheritance.

Hans Winkler (German, 1877–1945) described the total inheritance of a cell by combining the words
gene and chromosome to create a new word, “genome,” in 1920. He also introduced the new word
“heteroploid” to describe an abnormal number of chromosomes.

Richard Goldschmidt (German, 1878–1958) made many contributions in the fields of genetics,
evolution, and developmental biology.

Charlotte Auerbach (German, 1899–1994) pioneered the study of the chemical mutagenesis of DNA.
Among other discoveries, she found that mustard gas could cause mutations and therefore could
be carcinogenic in addition to its dangerous corrosive e↵ects on organisms.

Curt Stern (German, 1902–1981) demonstrated homologous recombination or crossing over be-
tween chromosomes in fruit flies and spent much of his career focusing on human genetics and its
implications for medicine.

In the early 1930s, Alfred Kühn (German, 1885–1968) and Adolf Butenandt (German, 1903–1995)
led a closely knit research community that induced and analyzed mutations in insects and other
species, and used that data to demonstrate that individual genes produce individual proteins (some-
times called the “one gene, one enzyme hypothesis”) [Egelhaaf 1996; Grossbach 1996, 2009]. Some
other key members of the same research community included:

• Hans Bauer (German, 1904–1988)

• Erich Becker (German, 19??–1942)

• Ernst Caspari (German, 1909–1988)

• Helmut Döring (German, 19??–1942)

• Georg Gottschewski (German, 1906–1975)

• Karl Henke (German, 1895–1956)

• Paula Hertwig (German, 1889–1983, daughter of Oscar Hertwig)

• Lothar Lö✏er (German, 1901–1983) chemical and radiation-induced mutations in inverte-
brates and vertebrates

• Karl Pirschle (German, 1900–1945)

• Ernst Plagge (German, 1911–1945)

• Hans Stubbe (German, 1902–1989)
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See Figs. 2.13–2.14. Unfortunately, several members of that genetics research community had to flee
to other countries in the 1930s to escape antisemitism and political repression. Other members were
drafted into the military after the war started, and several died in the war. Thus this particular
research community had largely ceased to function by around 1940.

By using the publications by Alfred Kühn and the others as a roadmap, the U.S. scientists George
Beadle and Edward Tatum later demonstrated the same “one gene, one enzyme” principle; for that
work they won the 1958 Nobel Prize in Physiology or Medicine and are prominently discussed in
most modern genetics textbooks. All of the earlier research by Alfred Kühn and other German-
speaking scientists was essentially ignored, and they have been largely forgotten.

In a revolutionary 1935 paper (Fig. 2.15), Max Delbrück (German, 1906–1981), Nikolai Timofée↵-
Ressovsky (Russian but worked in Germany 1925–1945, lived 1900–1981), and Karl Günter Zimmer
(German, 1911–1988) at the Kaiser Wilhelm Society in Berlin described and demonstrated the
structure of chromosomal DNA, methods and consequences of inducing point mutations in DNA,
and forced genetic recombination of di↵erent pieces of DNA [Ernst Fischer 1988; Segrè 2011; Sloan
and Fogel 2011; Timofée↵-Ressovsky, Zimmer, and Delbrück 1935]. The methods and objectives
that Timofée↵-Ressovsky, Zimmer, and Delbrück stated at the beginning of their paper essentially
defined the new field of molecular biology [Sloan and Fogel 2011, p. 222]:

In the following paper, we attempt to construct a general picture of the nature of
the gene and of mutation, on the basis of experimental investigations of the mutation
processes in Drosophila and a physical analysis of the results of those experiments.
Compared to previous hypotheses about the nature of the gene and of gene mutation,
we believe we have taken a step forward, in that our ideas are constructed only from
the experimental results of mutation research, and therefore from an area of research
that concerns events directly involving the genes themselves. [...]

Thus, we hope to arrive at a theory of the mutation process and gene structure that
will be experimentally well-founded and that will have experimentally verifiable impli-
cations. Of course, we are far from regarding our ideas as conclusive; rather, we see
their value lying in the extending of earlier approaches through the use of the concepts
of physics.

This paper represents a collaboration between genetics and physics.

Erwin Charga↵ (Austrian, 1905–2002) made many experimental measurements of the chemical
composition of DNA and discovered guanine-cytosine (G-C) and adenine-thymine (A-T) base-
pairing, which was critical for working out the correct structure of double-stranded DNA.

As shown in Fig. 2.16, in 1940 (under wartime conditions and 13 years before the discovery by
Rosalind Franklin, Francis Crick, and James Watson), Hans Friedrich-Freksa (German, 1906–1973)
proposed a double-stranded self-complementary model of DNA structure and replication [Friedrich-
Freksa 1940]. Apparently the war prevented him from taking that work even further.

By 1942, despite even more severe wartime hindrances, Gerhard Schramm (German, 1910–1969)
identified the genome of the tobacco mosaic virus as RNA, showed that its protein subunits are
identical, and mutated the RNA to create mutant proteins.5 See Fig. 2.17.

5Schramm 1941; Schramm 1943; Schramm and Dannenberg 1944; Schramm and Müller 1940; Schramm and Müller
1942; Schramm and Rebensburg 1942.
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George Gamow (Russian but educated and worked in Germany, lived 1904–1968) made several
insightful proposals and worked with other scientists to determine the genetic code, the rules for
what sequences of DNA or RNA nucleotides tell cells to produce what sequences of amino acids in
proteins [Segrè 2011].

J. Heinrich Matthaei (German, 1929–) also played a major role in deciphering the genetic code. In
1961, he demonstrated that a synthetic poly-uridine RNA made cells produce a poly-phenylalanine
protein, so the RNA sequence UUU codes for a phenylalanine amino acid. After that initial break-
through, Matthaei continued to decipher parts of the genetic code.

Heinz-Günter Wittmann (German, 1927–1990) made a number of important discoveries regarding
the genetic code, ribosomes, the proteome of E. coli, and other aspects of genetics and genomics.

Werner Arber (Swiss, 1929–) harnessed natural DNA restriction enzymes to cut and splice DNA,
for which he won the Nobel Prize in Physiology or Medicine in 1978. Professor Peter Reichard
of the Karolinska Medico-Chirurgical Institute explained the importance of Arber’s innovations
[www.nobelprize.org/prizes/medicine/1978/ceremony-speech/]:

We can compare the DNA of a single human cell with a book containing all the infor-
mation for the development and function of the cell. [...]

Restriction enzymes are the tools which make it possible to open the sealed book. Werner
Arber discovered these enzymes in the early 1960s when he analyzed an apparently
obscure phenomenon in bacteria, discovered 10 years earlier by Bertani and Weigle,
called host-controlled modification. In a series of simple but elegant experiments Arber
showed that this phenomenon was caused by a change in DNA and apparently served
to protect the host from foreign genes. Foreign DNA is degraded, and Arber postulated
that bacteria contain restriction enzymes with the capacity to recognize and bind to
recurring structural elements of DNA. At these locations the DNA-helix is severed: the
pages of the book are separated. [...]

The application of restriction enzymes has revolutionized the genetics of higher organ-
isms and completely changed our ideas of the organisation of their genes. In contrast to
the DNA of bacteria, the DNA of higher organisms is not a contiguous structure coding
for one protein. Instead, genes contain “quiet” regions alternating with regions contain-
ing the genetic code. Restriction enzymes have also been used for genetic engineering.
With their aid we can selectively remove parts of the genetic material and transplant
genes into a foreign background. In this way genes from higher organisms have been
transferred to bacteria, and in certain cases such bacteria can be used to produce human
hormones. In the near future we can expect many products of medical importance to
be synthesized.
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Figure 2.7: DNA is divided into several chromosomes in the nucleus of a cell. DNA forms a double-
stranded helix, in which each strand is composed of a sequence of four possible bases or nucleotides
(A, C, G, and T). Each A on one strand is electrostatically attracted to a T on the other strand,
and each C is attracted to a G. RNA is very similar but uses a U base instead of T.
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Figure 2.8: Gregor Mendel discovered the rules of genetics using plants he grew at his monastery.
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Figure 2.9: Johannes Friedrich Miescher purified and studied DNA from cell nuclei in 1869.
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Figure 2.10: Walther Flemming made detailed observations of chromosomes during mitotic cell
division from 1873 onward.
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Figure 2.11: Albrecht Kossel identified A, C, G, T, and U bases in DNA and RNA; identified amino
acids in proteins; and won the 1910 Nobel Prize in Physiology or Medicine.
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Figure 2.12: No later than 1907, Wilhelm Weinberg discovered the equilibrium distribution of alleles
(di↵erent versions of a gene) within a population of a species.
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Figure 2.13: In 1933 or earlier, Alfred Kühn, Ernst Caspari, and other members of Kühn’s research
group discovered that individual genes encode individual proteins.
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Figure 2.14: In 1933 or earlier, Adolf Butenandt and other researchers discovered that individual
genes encode individual proteins.
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Figure 2.15: In 1935, Max Delbrück, Nikolai Timofée↵-Ressovsky, and Karl Günter Zimmer pub-
lished a detailed and advanced paper on chromosomes and gene structures, as well as methods and
e↵ects of mutating or recombining them [Timofée↵-Ressovsky, Zimmer, and Delbrück 1935].
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Figure 2.16: No later than 1940, Hans Friedrich-Freksa proposed that the structure of DNA is
double-stranded with electrostatic attraction between complementary sequences on the strands
[Friedrich-Freksa 1940].
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Figure 2.17: Gerhard Schramm identified the genome of the tobacco mosaic virus as RNA, showed
that its protein subunits are identical, and mutated the RNA to create mutant proteins [Schramm
and Rebensburg 1942; Schramm 1943].
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Figure 2.18: Other creators who made significant contributions to knowledge about DNA included
Richard Altmann, Werner Arber, Charlotte Auerbach, Harald Bagge, Franz Andreas Bauer, and
Hans Bauer.
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Figure 2.19: Other creators who made significant contributions to knowledge about DNA included
Erich Becker, Theodor Boveri, Erwin Charga↵, Karl Correns, Hugo de Vries, and Helmut Döring.
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Figure 2.20: Other creators who made significant contributions to knowledge about DNA included
George Gamow, Richard Goldschmidt, and Georg Gottschewski.
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Figure 2.21: Other creators who made significant contributions to knowledge about DNA included
Karl Henke, Oscar Hertwig, Paula Hertwig, Wilhelm Hofmeister, Phoebus Levene, and Franz Ley-
dig.
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Figure 2.22: Other creators who made significant contributions to knowledge about DNA included
Lothar Lö✏er, J. Heinrich Matthaei, Hugo von Mohl, Carl Wilhelm von Nägeli, Karl Pirschle, and
Ernst Plagge.
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Figure 2.23: Other creators who made significant contributions to knowledge about DNA included
Carl Rabl, Robert Remak, Wilhelm Roux, Erich Tschermak von Seysenegg, Curt Stern, and Eduard
Strasburger.
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Figure 2.24: Other creators who made significant contributions to knowledge about DNA included
Hans Stubbe, Franz Unger, Wilhelm von Waldeyer-Hartz, August Weismann, Hans Winkler, and
Heinz-Günter Wittmann.
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2.1.3 Cancer

German-speaking scientists dominated the early field of cancer research and cancer prevention (Figs.
2.25–2.32).6 This field is far larger, and had far more German-speaking creators and discoveries,
than can be properly covered in this brief section. Historian of science Robert Proctor gave an
overview of some of the remarkably early and remarkably numerous cancer-related discoveries in
the German-speaking world [Proctor 1999, pp. 17–19, 281–283]:

German cancer research—and medical research more generally—was the most advanced
in the world by the time of the Machtergreifung (1933). German scientists were the first
to discover skin cancers caused by coal tar distillates, and the first to show that uranium
mining could cause lung cancer (both in the 1870s). Germans were the first to identify a
bladder cancer hazard of aniline dye manufacture (in 1895),14 a lung cancer hazard from
chromate manufacture (1911),15 and a skin cancer hazard of sunlight exposure (1894).16

German physicians were the first to diagnose an X-ray-induced cancer (in 1902) and
the first to prove, by animal experimentation, that X-rays could cause leukemia (1906).
They were even the first to suggest that domestic indoor radon might prove to be a
health hazard, in 1907.17

There are many other examples one can name18—and in the interest of completeness
(and at the risk of tedium), I shall continue. Johannes Müller in the 1830s pioneered
the microscopic analysis of malignancies, identifying tumors as composed of cells, and
Rudolf Virchow in Berlin in the 1860s developed the theory of cancer as caused by
local “irritations.”19 Germans were pioneers of cancer transplant research,20 and early
in the development of the theory of dose-response latency (Latenzzeit).21 Germans were
among the first to propose a major role for hormones in carcinogenesis22 and were
early on aware of what is sometimes today called the “xenoestrogen hypothesis”—the
idea that powerful petrochemical carcinogens such as methylcholanthrene may work by
mimicking the body’s natural hormones.23 It was a Munich pathologist (Max Borst)
who first classified tumors according to their histogenesis, the method used today by
the World Health Organization to classify cancers.24

The list goes on: Germans were the first to utilize tissue stains as chemotherapeutic
agents (in 1922),25 and were the first to inject thorotrast (thorium dioxide) into patients
to improve the contrast in X-ray photographic plates (1928).26 German geneticists were
the first to show that colon cancer could be inherited as a dominant trait, and it was
a German zoologist—Theodor H. Boveri—who first proposed that chromosomal abnor-
malities might be responsible for the onset of malignancies (1902).27 Germany was the
site of the first international congress of cancer research (Heidelberg and Frankfurt, in
1906)28 and the first country to establish a permanent journal devoted exclusively to
cancer research.29 Germany pioneered the optical diagnosis of cancer, being home to
the development of not just X-rays and the colposcope but also the rectal endoscope—a
candlelit version of which was introduced in Frankfurt in 1807.30 German was arguably,
at least for a time, the language of international cancer research[...] Germans were also

6Deichmann 1996; Eckart 2000; Haustein 2004; Höxtermann and Sucker 1989; Jahn 2004; Junker 2004; Koesling
and Schülke 2010; Kohler 2008; Magner 2002; Possehl 1989; Proctor 1999; Raviña and Kubinyi 2011; Schnalke and
Atzl 2010; Schneider 1972; Simmons 2002; Sneader 2005; Wagner and Mauerberger 2012; Weatherall 1991.
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apparently the first to suggest that secondhand tobacco smoke might be a cause of lung
cancer—in 1928.32

German scientists in the mid-1930s elaborated on this scientific base. The Reich Anti-
cancer Committee (Reichsausschuss für Krebsbekämpfung) established in 1931 was en-
larged, and an ambitious new journal, the Monatsschrift für Krebsbekämpfung (Monthly
journal for the struggle against cancer), published by the notoriously antisemitic J.
F. Lehmann publishing house, was launched in 1933 to coordinate the anticancer ef-
fort. More than a thousand medical doctoral theses explored cancer in one form or
another in the twelve years of Nazi rule; only diseases of the blood attracted more
attention. Cancer registries were established, including the first German registries to
record cancer morbidity (incidence) and not just mortality (deaths). E↵orts were made
to strengthen prevention-oriented public health measures, including occupational safe-
guards, laws against the adulteration of food and drugs, bans on smoking, and programs
to reduce the use of cancer-causing cosmetics, to name only a few.7

7Proctor’s endnotes referred to the following cancer researchers:

14. Ludwig Rehn (German, 1849–1930).

15. E. Pfeil (German?, 18??–19??).

16. Paul Gerson Unna (German, 1850–1929).

17. Albert Frieben (German?, 18??–19??), Kurt Ziegler (German?, 18??–19??), Heinrich W. Schmidt (Ger-
man?, 18??–19??), Ekkehard Schmid (German?, 18??–19??), and Nikolaus von Jagić (German/Austrian, 1875–1956).

18. Richard von Volkmann (German, 1830–1889) and Martha Schmidtmann (German 1892–1981).

19. Johannes Peter Müller (German states, 1801–1858) and Rudolf Virchow (German, 1821–1902).

20. Arthur Hanau (Swiss, 18??–19??).

21. Kurt Rostoski (German?, 18??–19??), Erich Saupe (German?, 1893–19??), and Christian Georg Schmorl
(German, 1861–1932); Otto Teutschlaender (German?, 18??–19??).

22. Jens Paulsen (German, 18??–19??).

23. Karl Heinrich Bauer (German, 1890–1978) and Adolf Butenandt (German, 1903–1995).

24. Max Borst (German, 1869–1946).

25. Rudolf Roosen (German?, 18??–19??).

26. Theodor Blühbaum (German?, 18??–19??), Karl Frik (German, 1878–1944), and Helmut Kalkbrenner
(German?, 18??–19??).

27. Otto Jüngling (German, 1884–1944) and Theodor Boveri (German, 1862–1915). As shown in Fig. 2.25,
Boveri conducted extensive studies of cell division (mitosis), chromosome structure, and chromosome abnormalities.
In 1902 he realized that cancer can be caused by pro-mitotic (cell-division-inducing) mutations from radiation,
chemicals, or viruses.

28. George Meyer (German?, 18??–19??).

29. Zeitschrift für Krebsforschung.
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Several other prominent German-speaking cancer researchers should also be mentioned here.

Johannes Fibiger (Danish but studied under Robert Koch and Emil von Behring, lived 1867–1928)
conducted important clinical trials on diagnostics and therapeutics for diptheria. He won the Nobel
Prize in Physiology or Medicine in 1926 for experiments showing that infectious pathogenic organ-
isms can induce cancer. Although his specific conclusions regarding those pathogens (he focused
on helminths) were later found to be incorrect, his experiments spurred a great deal of cancer
research by other scientists, and his general conclusions have ultimately proven correct, especially
with regard to the role of viruses in causing certain types of cancer. Professor W. Wernstedt, Dean
of the Royal Caroline Institute, described Fibiger’s research
[www.nobelprize.org/prizes/medicine/1926/ceremony-speech/]:

But Fibiger’s discovery had a still greater significance. The possibility of experimentally
producing cancer gave to the particular research into this illness an invaluable and badly
needed method, lacking until this time, allowing the elucidation of some of the obscure
points in the problem of cancer. Fibiger’s discovery also gave remarkable impetus to
research. Whereas research had, in many respects, entered upon a period of stagnation,
Fibiger’s discovery marked the beginning of a new era, of a new epoch in the history of
cancer, to which the fruitful research made by him gave fresh vigour. From his discoveries
we have continued to march forward and have gained valuable ideas as to the nature of
this illness.

Arnold Gra� (Austrian/German, 1910–2006) discovered some of the mechanisms by which chem-
icals and viruses can cause cancer, and helped to develop chemotherapeutic methods to target
cancer cells for destruction.

Paul Grawitz (German, 1850–1932) studied various types of cancers, and renal cell carcinoma is
named Grawitz’s tumor after him.

Rudolf Krönlein (Swiss, 1847–1910) pioneered many types of surgical operations, including surgeries
to remove certain kinds of tumors.

Fritz Lickint (German, 1898–1960) began medical studies of smokers vs. nonsmokers in the 1920s,
published evidence that smoking causes cancer in 1929, and published a >1200 page medical book
on the detailed pathology caused by smoking in 1939. His discoveries led to public health campaigns
against smoking, first in Germany and much later worldwide [Haustein 2004]. See Fig. 2.26.

Hans Sachs (German, 1877–1945) studied interactions between the immune system and cancer.

Otto Heinrich Warburg (German, 1883–1970) discovered important metabolic changes that distin-
guish cancer cells from normal cells.

Creators from the German-speaking world also developed sunscreen lotion, which reduces the inci-
dence of skin cancer.8

30. Leopold Schönbauer (Austrian, 1888–1963) and Erna Schmidt-Überreiter (German?, 18??–19??).

32. Ernst Schönherr (German?, 18??–19??).
8Eder and Freund 1922; Hammer 1891; Hausser and Vahle 1922; Urbach 2001; Vogt 2008; von Weiher 1983;
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During the period 1889–1891, Erik Johan Widmark (Swedish but closely coupled to the German-
speaking research world, 1850–1909) and Friedrich Hammer (German, 1860–1943) demonstrated
via a series of experiments that ultraviolet light causes sunburns and suntans, and that those e↵ects
could be reduced by coating the skin with a protective layer of certain natural plant extracts. See
Fig. 2.33.

In 1922, Josef Maria Eder (Austrian, 1855–1944) and Leopold Freund (Austrian, 1868–1943) in-
vented the first chemical sunscreen, which was marketed as Antilux. See Fig. 2.34. Freund also
invented and successfully demonstrated radiation therapy in 1896 (p. 1487).

In 1938, Franz Greiter (Austrian, 1919–1985) developed an improved sunscreen that was ultimately
marketed as Piz Buin Gletscher Crème, as shown in Fig. 2.35.

During the period 1922–1956, Karl Wilhelm Hausser (German, 1887–1933), his wife Isolde (Gan-
swindt) Hausser (German, 1889–1951), Wilhelm Vahle (German?, 18??–19??), Friedrich Ellinger
(German, 1900–1962), and Rudolf Schulze (German, 1906–1974) developed increasingly sophisti-
cated methods of measuring the sun protection factor (SPF) o↵ered by sunscreens, as well as the
cellular damage caused by ultraviolet exposure. See Fig. 2.35. Isolde Hausser was the daughter of
Hermann Ganswindt (pp. 1617, 1748, and 1898), ran a department at the Kaiser Wilhelm Institute
for Medical Research, and also made important contributions to radiation therapy for cancer.

Widmark 1889.
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Figure 2.25: Theodor Boveri discovered in 1902 that cancer can be caused by pro-mitotic (cell-
division-inducing) mutations from radiation, chemicals, or viruses.
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Figure 2.26: Fritz Lickint began medical studies of smokers vs. nonsmokers in the 1920s, published
evidence that smoking causes cancer in 1929, and published a >1200 page medical book on the
detailed pathology caused by smoking in 1939. His discoveries led to public health campaigns against
smoking, first in Germany and much later worldwide.
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Figure 2.27: Other creators who made significant contributions to knowledge about cancer included
Karl Heinrich Bauer, Theodor Blühbaum, Max Borst, Adolf Butenandt, Johannes Fibiger, and
Albert Frieben.
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Figure 2.28: Other creators who made significant contributions to knowledge about cancer included
Karl Frik, Arnold Gra�, Paul Grawitz, Arthur Hanau, Nikolaus von Jagić, and Otto Jüngling.
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Figure 2.29: Other creators who made significant contributions to knowledge about cancer included
Helmut Kalkbrenner, Rudolf Krönlein, George Meyer, Johannes Peter Müller, Jens Paulsen, and
E. Pfeil.
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Figure 2.30: Other creators who made significant contributions to knowledge about cancer included
Ludwig Rehn, Rudolf Roosen, Kurt Rostoski, Hans Sachs, Erich Saupe, and Ekkehard Schmid.
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Figure 2.31: Other creators who made significant contributions to knowledge about cancer included
Heinrich W. Schmidt, Erna Schmidt-Überreiter, Martha Schmidtmann, Christian Georg Schmorl,
Leopold Schönbauer, and Ernst Schönherr.
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Figure 2.32: Other creators who made significant contributions to knowledge about cancer included
Otto Teutschlaender, Paul Gerson Unna, Rudolf Virchow, Richard von Volkmann, Otto Heinrich
Warburg, and Kurt Ziegler.
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Figure 2.33: During the period 1889–1891, Erik Johan Widmark and Friedrich Hammer demon-
strated that ultraviolet light causes sunburns and suntans.
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Figure 2.34: In 1922, Josef Maria Eder and Leopold Freund invented the first chemical sunscreen,
which was marketed as Antilux.
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Figure 2.35: In 1938, Franz Greiter developed an improved sunscreen that was ultimately marketed
as Piz Buin Gletscher Crème. During the period 1922–1956, Karl Wilhelm Hausser, his wife Isolde
(Ganswindt) Hausser, Wilhelm Vahle, Friedrich Ellinger, and Rudolf Schulze developed increasingly
sophisticated methods of measuring the sun protection factor (SPF) o↵ered by sunscreens.
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2.1.4 Proteins and Enzymes

Figures 2.36–2.37 show the 20 standard amino acids and how those are joined together to make
proteins. Many proteins are enzymes, essentially tiny biological machines that are specialized to do
a particular task. As presented in Figs. 2.38–2.46, creators from the German-speaking world made
many critical contributions to our knowledge about proteins and enzymes.9

Johann Purkinje (Austrian/Czech, 1787–1869, Fig. 2.40) was most famous for his contributions to
cell biology and microscopy (p. 76), yet in 1836 he also discovered that pancreatic extracts contained
enzymes that digested proteins.

Theodor Schwann (German, 1810–1882, Fig. 2.40), another cell biologist (p. 77), also discovered
protein-digesting enzymes in 1836. He identified the enzyme pepsin from the stomach lining and
studied its properties. He then went on to investigate the enzymatic processes of fermentation.

Wilhelm Kühne (German, 1837–1900) coined the word “enzyme.” He studied the protein-digesting
enzyme trypsin from the pancreas (drawing upon the earlier work by Purkinje and Schwann), and
he also studied proteins in muscle. See Fig. 2.41.

Franz Hofmeister (Austrian, 1850–1922) established many methods of protein chemistry that are
still used today (Fig. 2.42). He discovered the peptide bonds in proteins, the e↵ect of various salts
on proteins, di↵ering protein solubilities, methods of protein purification, and methods of protein
crystallization [Abernethy 1967].

Hermann Emil Fischer (German, 1852–1919, Fig. 2.38) studied enzymes involved in the synthesis
of sugars and purine molecules, and made numerous other contributions to organic chemistry. He
won the Nobel Prize in Chemistry in 1902 (p. 467). One of his students, Max Bergmann, built upon
Fischer’s work on proteins and enzymes by developing methods to analyze and synthesize proteins.

Albrecht Kossel (German, 1853–1927, Fig. 2.43) found that proteins were composed of individual
amino acids. He determined the chemical composition of DNA and RNA too [Mary Ellen Jones
1953]. For his discoveries regarding proteins and nucleic acids, he won the Nobel Prize in Physiology
or Medicine in 1910 (p. 88). In a 1911 lecture, Kossel demonstrated his remarkably early and detailed
knowledge of protein structure [Olby 1994, p. 77]:

[W]e must remember that the proteins are composed of Bausteine [building blocks, i.e.
amino acids] united in very di↵erent ways[...] The number of Bausteine which can take
part in the formation of the proteins is about as large as the number of letters in the
alphabet. When we consider that through the combination of letters an infinitely large
number of thoughts may be expressed, we can understand how vast a number of the
properties of the organism may be recorded in the small space which is occupied by the
protein molecules. [...] We may also comprehend how great and important the task is
to determine the structure of the proteins and why the biochemist has devoted himself
with so much industry to their analysis.

9Deichmann 1996; Dominguez-Lacasa 2005; Gausemeier 2005; Gedeon 2006; Henry Harris 1999; Holmes 1993;
Höxtermann and Sucker 1989; Jahn 2004; Junker 2004; Kohler 2008; Krebs 1981; 2005; Magner 2002; Perutz 1989,
1998; von Schwerin 2013; Simmons 2002 Sto↵ 2012.
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Eduard Buchner (German, 1860–1917, Fig. 2.38) discovered cell-free enzymes for fermentation,
for which he won the Nobel Prize in Chemistry in 1907. Professor the Count K. A. H. Mörner,
President of the Royal Swedish Academy of Sciences, praised the revolutionary nature of Buchner’s
discoveries [www.nobelprize.org/prizes/chemistry/1907/ceremony-speech/]:

Under these circumstances it can easily be understood that a great sensation was cre-
ated when E. Buchner, after many years’ work, succeeded in showing that alcoholic
fermentation could be produced from the juices expressed from yeast cells, free from
live cells. He demonstrated incontrovertibly that this fermentation was due to a ferment
produced by the yeast cells, from which it can be separated. Fermentation is not a direct
expression of life by yeast cells; the cells can be killed and destroyed, while the ferment
remains.

By Buchner’s work, the fermentation mentioned and various other processes analogous
to it have been freed from the shackles which previously held them and which prevented
any progress in research. Now, no special di�culty is encountered in obtaining from yeast
cells and various other cells an ample amount of powerfully active cell substance which is
free from live cells. Numerous clarifying investigations into its properties have also been
made, partly by Buchner himself and partly by others. Hitherto inaccessible territories
have now been brought into the field of chemical research, and vast new prospects have
now been opened up to chemical science.

Friedrich Kutscher (German, 1866–1942, Fig. 2.40) conducted important early research on the
molecular structures of amino acids, proteins, and nucleic acids. In his early career, he worked
closely with Albrecht Kossel.

Richard Willstätter (German, 1872–1942, Fig. 2.40) is best known for his discoveries regarding the
molecular structures of chlorophyll, for which he won the Nobel Prize in Chemistry in 1915 (p. 405).
However, he subsequently went on to conduct extensive investigations of the nature and properties
of enzymes.

Hans von Euler-Chelpin (German, 1873–1964, Fig. 2.38) made many discoveries regarding enzymes
and won the Nobel Prize in Chemistry in 1929. Professor H.G. Söderbaum, Chairman of the Nobel
Committee for Chemistry, explained von Euler-Chelpin’s work
[www.nobelprize.org/prizes/chemistry/1929/ceremony-speech/]:

In the same measure as research in this department has made new conquests, a clearer
and clearer insight has been gained into the importance of this discovery. In particular
the work of von Euler and his pupils during the last few years greatly contributed to
the unravelling of the mechanism of phosphorization.

The primary function of phosphoric acid in fermentation consists, according to von
Euler, in the fact that in cooperation with an enzyme it gives rise to glucose monophos-
phate, identical with the monophosphate discovered by Harden and Robison. This phos-
phate afterwards undergoes a mutation in the presence of co-zymase, inasmuch as a
glucose diphosphate and an active glucose are formed, after which the latter yields the
necessary material for the subsequent stages of the fermentation.
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This demonstration of the part of mutase played by the co-zymase, or in other words
of the identity of co-zymase and co-mutase, is of fundamental importance, for it has
fully revealed the central position in the process of fermentation of the complementary
enzyme in question.

The researches of von Euler and his pupils have further led to the concentration of the
co-zymase and to a far more exact study of its properties than had been previously
possible. They have been able to determine approximately its molecular weight, which
has been found to be about 490; and they have also been able to draw certain definite
conclusions concerning its chemical nature, which make it highly probable that we have
here what the chemists call a pentosenucleoside. The production of a co-zymase with
a high activity has also shown in a brilliant manner the character of that enzyme as a
specific activator.

As illustrated in Fig. 2.45, Leonor Michaelis (German, 1875–1949) and Maud Menten (Canadian,
worked in Germany, 1879–1960) studied the chemical reaction rates of enzymes. Their experimental
and theoretical methods of analyzing enzyme-catalyzed reaction rates (Michaelis-Menten kinetics,
Michaelis-Menten graphs, the Michaelis-Menten equation, etc.) are still widely used in biology and
chemistry.

Otto Röhm (German, 1876–1939), shown in Fig. 2.44, pioneered the industrial use of enzymes for
applications such as leather production (1906), washing detergents (1914), pharmaceuticals (1920),
and juice processing (1934). In many ways, he could be regarded as the founder of the entire field
of industrial biotechnology (see Appendix A for more examples). Röhm also invented transparent
polymethylacrylic plastic (plexiglass) in 1928 (p. 640). With the businessman Otto Haas (German,
1872–1960), he founded the company of Röhm and Haas to capitalize on his inventions. Haas moved
to Philadelphia to establish a branch of the company there, thereby bringing knowledge of Röhm’s
biotechnology methods to the United States.

Building upon the earlier work of Eduard Buchner, Carl Neuberg (German, 1877–1956, Fig. 2.40)
meticulously worked out many of the key enzymatic steps and mechanisms involved in fermentation
and other biochemical pathways.

Max Bergmann (German, 1886–1944) received his Ph.D. under Hermann Emil Fischer in 1911.
Bergmann spent his entire career creating methods of determining the amino acid sequences of
natural proteins and of artificially synthesizing proteins with specific amino acid sequences (Fig.
2.46). Such methods have been widely used ever since to analyze and synthesize proteins in labora-
tories. In 1933, Bergmann moved to the United States, where he attracted new students to harness
and extend his research. Leonidas Zervas (1902–1980) was Greek but was educated and worked in
Germany. He worked closely with Bergmann in Germany and in the U.S. after Bergmann moved
there; later he continued his protein research in Greece.

Kurt Felix (German, 1888–1960, Fig. 2.38) conducted important research on proteins at the Uni-
versity of Munich from the 1920s onward.

Felix Haurowitz (Czech, 1896–1987, Fig. 2.39) made a number of protein structural studies and
discoveries about antibodies (immunoglobulins) as well as hemoglobin.
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In the 1930s and early 1940s, German-speaking scientists developed several egg protein substitutes
that consisted of protein extracted and processed on an industrial scale from cultured yeast, animal
blood plasma (Plenora), fish (Eiweiss), and milk (Milei) [BIOS 236; BIOS 1417; BIOS 1481; BIOS
1513]. See p. 519.

Klaus H. Hofmann (German/Swiss, 1911–1995, Fig. 2.39) chemically synthesized analogs of amino
acids, studied the mechanisms of protein-cleaving trypsin and RNA-cleaving RNaseA enzymes,
chemically synthesized peptide hormones, and made other discoveries regarding protein structures
and functions. He also did important work on steroid hormones.

Max Perutz (Austrian, 1914–2002, Fig. 2.40) developed and demonstrated methods of determining
detailed three-dimensional protein structures [Medawar and Pyke 2000; Perutz 1989, 1998]. He won
the 1962 Nobel Prize in Chemistry for working out the structure of the hemoglobin protein (Fig.
2.47).

Edmond Fischer (Swiss, 1920–, Fig. 2.38) made important discoveries regarding protein phospho-
rylation and dephosphorylation, the methods by which cells regulate the activity of proteins by
attaching or removing charged phosphate groups on the proteins. Along with Edwin Krebs, he won
the Nobel Prize in Physiology or Medicine in 1992 for that work. Professor Hans Jörnvall of the
Nobel Assembly of the Karolinska Institute explained the scientific importance of these discoveries
[www.nobelprize.org/prizes/medicine/1992/ceremony-speech/]:

And now phosphorylation: one or several small phosphate groups are coupled to a
protein, changing its properties. If the parallel with our human workers is pursued
further, one could perhaps compare phosphorylation with ballet shoes. Despite their
small size they have dramatic e↵ects on their wearer! The shape of the foot is altered and
after that, work is like a dance. Edmond Fischer and Edwin Krebs, this year’s Laureates,
described this principle in the fifties. They showed how muscles liberate an energy-rich
form of sugar from its storage form by phosphorylation of a protein. After that, science
gradually gained insight into the fact that this constitutes a general principle manifested
in all cellular activities. Today, a considerable part of world bioscience involves protein
phosphorylation.

Why this regulation via coupling of small groups? One advantage is that the process is
reversible, i.e. the shoes can be taken o↵ and put on, a process which can be repeated
again and again. Thus, proteins can be regulated in both directions. Another is that
the reactions can be carried out in successive steps, creating a cascade that amplifies
the end e↵ect. Much like the hydraulic amplification in a brake: a gentle touch of the
pedal can stop even a heavy car. In the world of proteins, Krebs and his collaborators
paved the way for this knowledge by studying also the preceding protein in the chain of
phosphorylations, while Fischer concentrated his e↵orts along other lines and, as recently
as some years ago, reported the purification of a special type of phosphate-removing
protein.

Yet another advantage is that the regulation can be a↵ected by di↵erent signals. The
system that Fischer and Krebs first studied can be activated either by means of a stress
hormone released when we become frightened and our muscles prepare us for escape, or
by an act of will when we wish to run for other reasons. Phosphate groups are in these



130 CHAPTER 2. CREATORS AND CREATIONS IN BIOLOGY AND MEDICINE

two cases attached in response to separate signals, much as they are in all other cellular
response systems. What relevance does this have to medicine? The easiest answer is that
we all know of the consequences in society from imbalances in economic chain reactions!
We are now in a position to start perceiving how illnesses, including common diseases
like hypertension and tumors, are accompanied by imbalances in phosphorylations.

Werner Adolf Immerwahr (German, 1924–2006, Fig. 2.39) left Germany during World War II,
changed his name to Vernon Ingram, and ultimately became a well-known biology professor at MIT.
With support from Max Perutz and other members of the German-speaking scientific diaspora, he
spent most of his career studying the roles of proteins in diseases. In the 1950s, Immerwahr/Ingram
showed that a mutation changing a single amino acid in hemoglobin was responsible for causing
sickle-cell anemia, a hereditary blood disease. Later he studied some of the key proteins involved
in neurodegenerative illnesses such as Alzheimer’s disease.

Günter Blobel (German, 1936–2018, Fig. 2.38) discovered that many proteins contain a “postal
address code” that tells cells where to send the protein so it can do its job. For that discovery, he
won the Nobel Prize in Physiology or Medicine in 1999. The Royal Swedish Academy of Sciences
summarized his work [www.nobelprize.org/prizes/medicine/1999/blobel/facts/]:

Proteins, molecules composed of chains of amino acids, play a crucial role in life pro-
cesses in our cells. Proteins are continuously being transported through membranes or
walls that both separate the cell from its surroundings and separate the inner parts
of the cell, the organelles. In 1975 Günter Blobel showed that in certain cases amino
acids in a protein serve as an address label that determines where a protein is to be
delivered. Amino acid sequences determine whether a protein is to be passed through
the membrane out of the cell or into an organelle or is to be built in the membrane.

For closely related work, see Section 2.1.5 for enzymes involved in metabolism, Section 2.4.1 for
hemoglobin protein in red blood cells, and Appendix A for industrial biotechnology methods and
applications.
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Figure 2.36: Proteins are composed of 20 standard amino acids arranged in di↵erent sequences.
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Figure 2.37: Most proteins must fold up in a specific way to do their particular job. The structure
of a protein is described at di↵erent levels: primary (amino acid sequence), secondary (folding of
small regions into �-sheet or ↵-helix structures, tertiary (folded structure of the complete amino
acid sequence), and quaternary (assembly of separate monomeric subunits of amino acid sequences
to form a complete multimeric protein).
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Figure 2.38: Some creators who made significant contributions to knowledge about proteins and
enzymes included Günter Blobel, Eduard Buchner, Hans von Euler-Chelpin, Kurt Felix, Edmond
Fischer, and Hermann Emil Fischer.
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Figure 2.39: Other creators who made significant contributions to knowledge about proteins and
enzymes included Felix Haurowitz, Klaus H. Hofmann, Werner Adolf Immerwahr/Vernon Ingram,
and Friedrich Kutscher.
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Figure 2.40: Other creators who made significant contributions to knowledge about proteins and
enzymes included Carl Neuberg, Johann Purkinje, Theodor Schwann, and Richard Willstätter.
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Figure 2.41: Wilhelm Kühne discovered myosin protein in muscles (1864) and the digestive protein
(protease) trypsin (1875), and coined the word “enzyme.”
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Figure 2.42: Franz Hofmeister established much of protein chemistry. He discovered the peptide
bonds in proteins, the e↵ect of various salts on proteins, di↵ering protein solubilities, methods of
protein purification, and methods of protein crystallization.
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Figure 2.43: Beginning in the 1870s, Albrecht Kossel showed that proteins are composed of amino
acids, and isolated and characterized the individual amino acids.
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Figure 2.44: Otto Röhm and Otto Haas founded Röhm and Haas, which was probably the world’s
first biotechnology company. Röhm developed methods to produce and purify enzymes for leather
production (1906), washing detergents (1914), pharmaceuticals (1920), and juice processing (1934).
He also invented transparent polymethylacrylic (plexiglass) plastic (1928). Haas led a branch of the
company in the United States, transferring the biotechnology knowledge and methods there.
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Figure 2.45: Leonor Michaelis and Maud Menten studied the chemical reaction rates of enzymes.
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Figure 2.46: Starting in the 1910s, Max Bergmann created methods of (1) determining the amino
acid sequences of natural proteins, and (2) artificially synthesizing proteins with specific amino acid
sequences. He was later assisted by his student Leonidas Zervas.
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Figure 2.47: Max Perutz developed and demonstrated methods of determining detailed 3D protein
structures such as hemoglobin.
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2.1.5 Mitochondria, Cellular Respiration, and Metabolism

The creators discussed in this section worked on various aspects of the interrelated topics of mito-
chondria, cellular respiration, and other associated metabolic reactions:

• As illustrated in Figs. 2.48–2.49, mitochondria are the “power plants” within animal cells,
plant cells, and fungi. In a process called cellular respiration, mitochondria carry out a series of
chemical reactions to combine sugar and oxygen molecules to produce energy, carbon dioxide,
and water.

• As shown in Fig. 2.50, the breaking down of sugars into half-sugars (such as pyruvate) and
smaller molecules (glycolysis), and likewise the building up of sugars from smaller molecules
(gluconeogenesis), involve many chemical steps, each carried out by a di↵erent enzyme.

• The Krebs or citric acid cycle within mitochondria converts half-sugars (containing carbon,
hydrogen, and oxygen atoms) into hydrogens and carbon dioxide molecules. Each step is
carried out by a di↵erent enzyme, as listed in Fig. 2.51.

German-speaking scientists played leading roles in discovering and understanding mitochondria,
cellular respiration, and related metabolic reactions (Figs. 2.53–2.56).10

Justus von Liebig (German, 1803–1873, Fig. 2.55) was the first or one of the first scientists to
propose the biochemical concept of cellular respiration.

Rudolf von Kölliker (Swiss, 1817–1905, Fig. 2.54) closely studied cells with high-resolution micro-
scopes and discovered mitochondria sometime before 1888.

Completely independently, Richard Altmann (German, 1852–1900, Fig. 2.54) examined cells under
the microscope and discovered mitochondria sometime before 1890.

In the 1910s, Fritz Pregl developed micro-pipetting and micro-analysis tools and methods that are
now used in virtually all biology and chemistry laboratories [Pregl 1917]. See pp. 153 and 471. Pregl’s
micro tools and methods made it possible to conduct accurate measurements and manipulations of
biochemical processes such as cellular respiration and fermentation, fundamentally enabling all of
the other work in this field (and many other fields of biology and chemistry). Pregl won the Nobel
Prize in Chemistry in 1923.

Gustav Embden (German, 1874–1933, Fig. 2.54), Otto Fritz Meyerhof (German, 1884–1951, Fig.
2.55), and Jakub Parnas (Austrian/Polish, 1884–1949, Fig. 2.55) discovered and explained what is
now called the Embden-Meyerhof-Parnas pathway for glycolysis, the downward pathway on the left
side of Fig. 2.50. They also conducted related research on muscle metabolism, liver biochemistry, and
fermentation. For these discoveries, Meyerhof won the Nobel Prize in Physiology and Medicine in
1922. Professor J.E. Johansson, Chairman of the Nobel Committee for Physiology or Medicine, ex-
plained some of Meyerhof’s research [www.nobelprize.org/prizes/medicine/1922/ceremony-speech/]:

It is at this stage in the development of the question that Meyerhof’s contribution
comes in. In his investigations concerning the respiration of the tissues (1918) he came

10Deichmann 1996; Dominguez-Lacasa 2005; Gausemeier 2005; Gedeon 2006; Henry Harris 1999; Holmes 1993;
Höxtermann and Sucker 1989; Jahn 2004; Junker 2004; Kohler 2008; Krebs 1981; 2005; Magner 2002; Perutz 1989,
1998; von Schwerin 2013; Simmons 2002 Sto↵ 2012.
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to devote his attention to the things that take place in the surviving muscle, and in
this connection also to the objections that had been raised against the conclusions of
Fletcher and Hopkins and their interpretation of the “lactic acid maximum” of the mus-
cle. He showed that these objections do not really a↵ect the result of the recently cited
calculations of Hill. Most important of all, however, was his parallel determination of the
lactic acid metabolism and the oxygen consumption during the recovery of the muscle,
which yielded the result that the oxygen consumption does not correspond to more than
1/3–1/4 of the simultaneous lactic acid metabolism. Evidently the greater part of the
lactic acid disappears in some other way than through combustion. In another parallel
determination—the development of heat and the oxygen consumption—the develop-
ment of heat exhibited a deficit in comparison with what could be calculated from the
simultaneously observed oxygen consumption. From this the conclusion may be drawn
that the combustion of lactic acid in the muscle is combined with some other process,
an endothermic one, in the course of which part of the heat developed in the combustion
is used up. Meyerhof also made a parallel determination of the carbohydrates and lactic
acid in the resting and in the working muscle, also in the recovery period after fatigue;
he found: when lactic acid is stored in the muscle, an equivalent quantity of carbo-
hydrates, chiefly glycogen, disappears, while when lactic acid disappears, the quantity
of carbohydrates in the muscle is increased by an amount equivalent to the di↵erence
between the total amount of lactic acid that has disappeared and the quantity oxidized
corresponding to the oxygen consumption.

Hence the processes which we have to take into account in the muscles are: (1) the
formation of lactic acid from carbohydrates; (2) the combustion of lactic acid to car-
bonic acid and water; and (3) the reversion of lactic acid to carbohydrates. But these
processes are not confined to the uninjured muscle. Meyerhof has also traced them in
finely chopped muscle substance kept moist in a suitable liquid, and in that case found
them take place 10–29 times more rapidly than in the well-known muscle preparation.
In such a dilution it is also possible to study the e↵ect of di↵erent factors such as the
concentration of hydrogen ions, the presence of phosphates, etc.; and in particular it
has been possible to make clear to what extent the various processes are connected with
one another or can be varied in relation to one another. A matter of extremely great
interest is the establishment of the fact that the combustion of lactic acid in the muscle
cannot take place without a simultaneous formation of lactic acid from carbohydrates,
and that the combustion of lactic acid is connected with the formation of carbohydrates
in such a way that out of four molecules of lactic acid one is oxidized, while the three
others are reverted to carbohydrates. lt is not inconceivable that the reversion does not
always extend so far as to produce carbohydrates; but the ideal course of the process
may be regarded as precisely defined by Meyerhof, and it has been represented by him
in the form of a scheme of chemical reaction. In this scheme, too, can well be fitted the
lactacidogen discovered by Embden as a connecting link between glycogen and lactic
acid.

Otto Heinrich Warburg (German, 1883–1970, Fig. 2.56) studied many di↵erent aspects of cellular
respiration during his long career, including the heme-based cytochrome reactions that harness
energy taken from the Krebs cycle. He won the Nobel Prize in Physiology or Medicine in 1931 for
some of his discoveries regarding the biochemical reactions in respiration. Professor E. Hammarsten
of the Nobel Committee for Physiology or Medicine announced the award
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[www.nobelprize.org/prizes/medicine/1931/ceremony-speech/]:

It had been known, since the days of Davy and Berzelius, that many metals possess
the power of initiating or accelerating various reactions, including combustion. Starting
from the possibility that had indeed been envisaged earlier, Warburg assumed that
intracellular combustion might also be regarded as being due to catalysis by metals,
i.e. that it might be initiated by some metallic compound. Definite proof that he was
on the track of this well-hidden secret of Nature was obtained by the use of exact
measurements of combustion in living cells or, as Warburg calls it, cell respiration.
The quantitatively measured variations in the process of combustion under di↵erent
conditions threw light on the nature of the respiratory ferment. Its tendency to enter
into compounds with substances which combine with iron showed that it is itself an iron
compound, and that its e↵ects are due to iron. The correspondence between the e↵ects
of light on cellular combustion inhibited by carbon monoxide and on carbon-monoxide
compounds of certain pigments closely related to blood pigments led, with the aid of a
detailed mathematical analysis to the conclusion that the respiratory ferment is a red
pigment containing iron, and that it is closely related to our own blood pigment. This
was the first demonstration of an e↵ective catalyst, a ferment, in the living organism,
and this identification is the more important because it throws light on a process of
general significance in the maintenance of life.

Professor Warburg. From the start, your research has been focussed on problems of
central importance. Your bold ideas, but above all, your keen intelligence and rare
perfection in the art of exact measurement have won for you exceptional successes, and
for the science of biology some of its most valuable material.

I take the liberty of mentioning those two of your discoveries, which seem to be of the
greatest value.

The medical world expects great things from your experiments on cancer and other
tumours, experiments which seem already to be su�ciently far advanced to be able to
furnish an explanation for at least one cause of the destructive and unlimited growth of
these tumours.

Your discovery about the nature and e↵ect of the ferment of respiration, which the
Caroline Institute is rewarding this year with Alfred Nobel’s Prize for Physiology or
Medicine, has added a link of brilliant achievement to the chain that binds for all
time[...]

Albert Szent-Györgyi (Hungarian, 1893–1986, Fig. 2.55) discovered several key components and
reactions within the larger Krebs cycle, as well as the main biochemical steps involved in muscle
contraction. He also won a Nobel Prize for his discoveries regarding vitamin C (p. 346). The
Encyclopedia Britannica summarized his research [EB 2010]:

Hungarian biochemist whose discoveries concerning the roles played by certain organic
compounds, especially vitamin C, in the oxidation of nutrients by the cell brought him
the 1937 Nobel Prize for Medicine or Physiology. [...]

Szent-Györgyi then turned to the study of organic compounds known to play a part
in the conversion of carbohydrate breakdown products to carbon dioxide, water, and
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other substances necessary for the production of usable energy by the cell. His work
laid the foundations for Sir Hans Krebs’s elucidation of the complete conversion cycle
(the Krebs cycle) two years later.

Devoting himself to a study of the biochemistry of muscular action, he discovered a
protein in muscle that he named “actin,” demonstrated that it—in combination with
the muscle protein myosin—is responsible for muscular contraction, and showed that the
compound adenosine triphosphate (ATP) is the immediate source of energy necessary
for muscle contraction. Immigrating to the United States in 1947, he was immediately
appointed director of the Institute for Muscle Research, Woods Hole, Mass., where he
conducted research into the causes of cell division and, hence, cancer.

The married researchers Carl Cori (Austrian/Czech, 1896–1984) and Gerty Cori (Austrian/Czech,
1896–1957), shown in Fig. 2.53, discovered how the process of glycolysis could be reversed, gluco-
neogenesis (the upward pathway on the right side of Fig. 2.50). The coupled processes of glycolysis
in muscle and gluconeogenesis in the liver are now called the Cori cycle. For their discoveries, Carl
and Gerty Cori won the Nobel Prize in Physiology or Medicine in 1947. Professor H. Theorell of
the Royal Caroline Institute explained the importance of their work
[www.nobelprize.org/prizes/medicine/1947/ceremony-speech/]:

After a great deal of preliminary work during the years 1932–1936, Professor Cori and his
wife showed that if ground-up muscle was washed with water, the washed residue could
still promote the disappearance of free phosphoric acid, which, as could be expected,
was due to its being bound to sugar. But the washing had e↵ected a change; the sugar
phosphoric acid then formed exhibited certain singular properties. The Cori’s were soon
able to prove by means of crystallization and determination of the constitution of the
new compound that the characteristic properties of this phosphoric acid ester, the so-
called Cori ester were due to the fact that phosphoric acid was linked to the first carbon
atom of the sugar instead of to its sixth. A layman would probably think that such a
detail could only be of interest for hairsplitting specialists; but the grain of mustard
seed may grow up into a great tree, if it is sown in suitable soil. From this apparently
insignificant startingpoint the Cori’s and their co-workers, in a long series of masterly
studies, have thrown clear light on the previously unknown interplay between glucose,
phosphoric acid and glycogen. The reason why the Cori ester is found only in washed
muscle is that with the washing water an enzyme is removed, i.e. a protein substance
with a special catalytic e↵ect, which moves phosphoric acid from one end of the sugar
molecule, the 1-position to the opposite, the previously known 6-position.

An enzyme crystallized by the Cori’s and Green, phosphorylase, plays a chief part in
the mechanism. It is met with in many di↵erent tissues and can be prepared from, e.g.,
muscle, liver or yeast. If the phosphorylase is allowed to act on glycogen in the pres-
ence of phosphoric acid, the whole glycogen molecule is split up, with the simultaneous
appearance of glucose molecules bound to phosphoric acid. This substance is indeed
the Cori ester. The same process may, however, also proceed in the opposite direction,
so that glycogen is formed from the Cori ester. The direction of the reaction is deter-
mined by the relative amounts of the components. For glycogen synthesis to start, a
small amount of glycogen must be present as a nucleus upon which to build. Thus, if
under extreme conditions it should happen that all the glycogen were broken down,
the individual in question would lose for all time the capacity to form glycogen. Such
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a thing cannot happen, however, thanks to an ingenious protective mechanism discov-
ered by the Cori’s. When the glycogen supply threatens to come to an end, an enzyme
intervenes, which for the time being inactivates the glycogen-splitting phosphorylase
and thus preserves the last traces of the glycogen. Nature’s wealth of invention is truly
amazing!

For a chemist, synthesis is the definite proof of how a substance is built up. Professor
and Doctor Cori have accomplished the astounding feat of synthesizing glycogen in a
test tube with the help of a number of enzymes which they have prepared in a pure
state and whose mode of action they have revealed. This synthesis would be impossible
by methods of organic chemistry alone, since the six carbon atoms of the various glucose
molecules might conceivably be bound to one another in a chaotic mass of combinations.
The Cori enzymes made this synthesis possible, because the enzymes favour certain
modes of linkage. In spite of this, the di�culties were formidable; the first isolated
phosphorylases formed unbranched compounds resembling starch, and only with the
help of further enzymes were the branched chains characteristic of glycogen obtained.

Blood and tissues contain free glucose. The chemical changes in metabolism are always
initiated by its being coupled to phosphoric acid, which is transferred from a nitrogenous
phosphoric acid compound usually called ATP. The reaction is promoted by the enzyme
hexokinase. Two years ago a great sensation was aroused in the scientific world when the
Cori’s, together with Price, Colowick and Slein, announced that this hexokinase reaction
was promoted by insulin but checked by another hormone in extracts from the anterior
lobe of the pituitary gland, the hypophysis. The experiments have been confirmed and
extended this year. This discovery is of fundamental significance. We have long known
that the secreting organs—the pituitary gland, the thyroid gland, the accessory thyroid
glands, the suprarenal glands, the pancreas, the sex-glands, and a number of others—
exercise a decisive influence on our vital functions. But the perpetual question, which we
meet already in Luther’s catechism: “How does it take place?” has remained unanswered
until the discovery—published by Cori’s Institute—that hormones intervene chemically
in the hexokinase reaction. A wide new field of physiology was thereby linked up with
the domain of chemistry. In the near future it will be possible to express a further part
of the mystical “vital force” in chemical formulae.

Karl Lohmann (German, 1898–1978, Fig. 2.55) discovered adenosine triphosphate (ATP) in 1929.
Mitochondria convert the energy stored in sugar molecules to energy stored in ATP molecules. ATP
is then used as an energy source to power a wide variety of enzymes and other processes inside
cells.

Fritz Lipmann (German, 1899–1986, Fig. 2.55) discovered coenzyme A, which plays critical roles
both in the Krebs cycle and in the synthesis and consumption of fats. For this accomplishment,
he won the Nobel Prize in Physiology or Medicine in 1953. Professor E. Hammarsten of the Royal
Caroline Institute noted [www.nobelprize.org/prizes/medicine/1953/ceremony-speech/]:

[...] Lipmann announced his discovery of coenzyme A. Now suddenly everything fitted
perfectly—the last notch of a combination lock fell into its place.

Coenzyme A is a compound with a rather small molecule, which, when united with the
enzyme-protein, acquires the property of binding acetic acid. Acetic acid is normally



148 CHAPTER 2. CREATORS AND CREATIONS IN BIOLOGY AND MEDICINE

quite unreactive but when bound in this way it becomes labile and reactive and rep-
resents the previously mystical 2-carbon compound which combines with a 4-carbon
compound to form citric acid. A new way for the transmission of energy in the cell was
demonstrated by this discovery.

Recently the acetyl phosphate made a come-back, when Lipmann with his usual keen
insight showed that it is used as the active 2-carbon compound in certain bacteria. Far
from feeling triumphant Lipmann wrote in his otherwise very serious scientific paper
that he was quite happy about this finding.

That Lipmann’s discovery has an even wider scope became clear when he and others
found that other acids than acetic acid are activated by coenzyme A bound to other
enzyme proteins.

Hans Adolf Krebs (1900–1981, Fig. 2.54) combined the results of his own experimental investigations
with those from earlier researchers to work out the complete Krebs cycle, or citric acid cycle. He
won the Nobel Prize in Physiology or Medicine in 1953, and Professor E. Hammarsten of the Royal
Caroline Institute praised the scientific insight of Krebs
[www.nobelprize.org/prizes/medicine/1953/ceremony-speech/]:

It was Krebs who discovered how these individual reactions are linked to each other in
a cyclic process. He brought us a clear understanding of the essential principle of how
the released energy is used for the building up processes which take place within the
cell.

This energy is liberated by the oxidation of a 2-carbon compound to carbonic acid and
water. This 2-carbon compound is derived from the foodstu↵s and is introduced into
the Krebs cycle. The nature of this compound and the mechanism of its incorporation
were discovered by Fritz Lipmann. But for the moment let us not be concerned with
this discovery since at that time it had not yet been made. In the beginning Krebs was
quite alone with his idea, and when he first presented it, it was criticized by many. But
soon he found an even greater number of supporters who were joined by his previous
critics. Krebs’ idea was that the mysterious 2-carbon compound is added on to a known
substance with 4 carbon atoms yielding a 6-carbon compound. The 2-carbon compound,
bound in this way, is then degraded stepwise to carbonic acid, water, and energy. When
this degradation is completed, the 4-carbon compound is again free to react with another
2-carbon molecule, which starts a new period in the oxidation cycle. Krebs could show
that the 6-carbon compound formed at the onset of this cycle is citric acid which contains
three carboxyl groups. The cycle is therefore also called the tricarboxylic acid cycle. [...]

Out of the chaos of isolated reactions Krebs succeeded in extracting the basic system
for the essential pathway of oxidation process within the cell. His penetrating intuition
was so clear and true and his grasp of the problem so keen from the start that none of
his original ideas had to be revised.

Hans Kornberg (German, 1928–, Fig. 2.54) received his Ph.D. under Hans Krebs. Together, Korn-
berg and Krebs discovered the glyoxylate cycle, an alternate version of the Krebs cycle that occurs
in some microorganisms and plants.
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Figure 2.48: Mitochondria are the “power plants” within animal cells, plant cells, and fungi.
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Figure 2.49: In cellular respiration, mitochondria carry out a series of chemical reactions to combine
sugar and oxygen molecules to produce energy, carbon dioxide, and water.
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Figure 2.50: Breaking down sugars into smaller molecules (glycolysis), or building up sugars from
smaller molecules (gluconeogenesis), involve many chemical steps, each carried out by a di↵erent
enzyme.
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Figure 2.51: The Krebs or citric acid cycle within mitochondria converts half-sugars (containing
carbon, hydrogen, and oxygen atoms) into hydrogens and carbon dioxide molecules. Each step is
carried out by a di↵erent enzyme.
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Figure 2.52: In the 1910s, Fritz Pregl developed micro-pipetting and micro-analysis tools and meth-
ods that are now used in virtually all biology and chemistry laboratories [Pregl 1917].
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Figure 2.53: Gerty Cori and Carl Cori made significant contributions to knowledge about mito-
chondria and cellular respiration.
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Figure 2.54: Other creators who made significant contributions to knowledge about mitochondria
and cellular respiration included Richard Altmann, Gustav Embden, Rudolf Albert von Kölliker,
Hans Kornberg, and Hans Krebs.
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Figure 2.55: Other creators who made significant contributions to knowledge about mitochondria
and cellular respiration included Justus von Liebig, Fritz Lipmann, Karl Lohmann, Otto Meyerhof,
Jakub Parnas, and Albert Szent-Györgi.
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Figure 2.56: Otto Warburg made significant contributions to knowledge about mitochondria and
cellular respiration.
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2.2 Microbiology and Immunology

Microbiology covers di↵erent categories of microorganisms, most of which include important patho-
genic and nonpathogenic examples. German-speaking scientists made large numbers of important
discoveries for all categories of microorganisms, as well as in the immunology:

2.2.1. Bacteria are individual prokaryotic (simple) cells that can reproduce themselves, but
often like to live on the nutrients available inside a host organism (such as a person).

2.2.2. Viruses are rogue genes (generally packaged with other components) that need to hijack
a cell to reproduce.

2.2.3. Prions are rogue proteins that need to hijack a cell to reproduce.

2.2.4. Fungi are small eukaryotic (complex) cells, surrounded by cell walls but otherwise not
unlike eukaryotic animal cells.

2.2.5. Protozoa are simple animals composed of a single eukaryotic cell.

2.2.6. Helminths are multi-celled eukaryotic worms that start o↵ like microorganisms but may
grow to significant size.

2.2.7. Immunology, a closely related topic, is how the cells and proteins that make up the
body’s immune system fight infections by pathogenic microorganisms.

As a supplement to the material in this section, Appendix A gives information on o↵ensive biological
weapons research that may have been conducted in the Germany during World War II (as opposed
to merely defensive work, aimed at protecting against biological weapons).11 According to o�cial
histories, Germany did not pursue biological weapons during World War II. However, Appendix A
presents evidence that suggests that Germany may have actually made major advances in biological
warfare research and development during this time, and that German-speaking scientists may have
subsequently transferred those methods and materials to postwar biological warfare programs in
the United States, the Soviet Union, and other countries. While bioweapon development may not
be viewed as an honorable field of research (harnessing microbiological knowledge to cause diseases
instead of to cure them), the revolutionary nature of the actual science is noteworthy, and the
long-term impact on Cold War military programs, modern concerns about bioterrorism, and even
research on clinical pathogens and therapeutics has been profound. Many details remain murky
and further historical investigation is definitely needed.

11See for example: Barenblatt 2004; Blome 1941; Michael Carroll 2004; Deichmann 1996; Geißler 1998a, 1998b; Gold
1997; Haagen 1941; Friedrich Hansen 1993; Sheldon Harris 2002; Kater 1989; Keremidis 2013; Klee 2001; Leitenberg
and Zilinskas 2012; Posner and Ware 2000; Regis 1999; Reinhardt 2013; Vivien Spitz 2005; Tokyo War Crimes Trial
1950; U.S. Army 1956.
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2.2.1 Bacteria

Bacteriology is the study of bacteria and the infections they can cause. The upper part of Fig.
2.57 shows the structure of a typical bacterium or prokaryotic cell. It is in the range of 0.5-5 µm
(microns or millionths of a meter) long, near the limit of what can be readily seen with an optical
microscope and roughly 10 times smaller than human and other eukaryotic (complex) cells; that is
why microbiology in the German-speaking world was greatly aided by improvements in microscopes
that also occurred in the German-speaking world (Section 6.9).

Prokaryotic cells are surrounded by a plasma membrane (like eukaryotic cells), but for extra protec-
tion against harsh environmental conditions or attack by a host’s immune system, they add a sturdy
cell wall and then for some bacteria also a capsule of polysaccharide slime. Di↵erent categories of
bacteria have di↵erent types of cell walls, as illustrated in Figs. 2.57 (bottom) and 2.58.

While there were certainly contributions from scientists elsewhere (most notably Louis Pasteur
(French, 1822–1895), who was personally responsible for a long list of revolutionary discoveries),
scientists in the greater German-speaking world arguably played the greatest role in the develop-
ment of bacteriology.12

Antonie van Leeuwenhoek (Dutch, 1632–1723) created the first known microscope and used it to
observe a variety of microscopic organisms. In 1762, Marcus Antonius von Plenciz (Austrian, 1705–
1786) published a book, Opera medico-physica, in which he persuasively argued that many diseases
were caused by microorganisms, and he even divided those diseases into di↵erent categories by
how the organisms were apparently spread. Friedrich Henle (Bavarian, 1809–1885) also publicly
advocated for the germ theory of disease in 1840; one of his students was Robert Koch, who went
on to make countless contributions to bacteriology.

12Allen 2014; Barlow and Barlow 1971; Thomas Brock 1999; Drews 2010; Gerber 1966; Goschler 2009; Gradmann
2009; Hinz-Wessels 2008; Hulverscheidt and Laukötter 2009; Hüntelmann 2008, 2011; Lagerkvist 2003; Schlegel 2004;
Semmelweis 1981; Stichnothe-Botschafter 2013; Weiss 2005.
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Figure 2.57: Typical prokaryotic or bacterial cell, showing the overall structure (top), and the layers
of the cell wall for di↵erent categories of bacteria (bottom).
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and clumps [staphylo-] of bacteria.
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In 1847, Ignaz Semmelweis (Austrian, 1818–1865, Fig. 2.59) went further than these earlier scientists
by introducing and demonstrating the importance of antiseptics (especially a dilute solution of
calcium hypochlorite or bleach) in preventing the spread of disease-causing organisms, such as a
Streptococcus strain that was causing puerperal fever or “childbed fever” in Vienna hospitals at
the time. Semmelweis demonstrated that his antiseptic methods greatly reduced infection rates at
the hospitals where he worked, yet he struggled the rest of his life to persuade hospitals elsewhere
of the importance of antiseptics. Two decades later, in 1867, Joseph Lister (British, 1827–1912)
published similar results and achieved far more more success and fame in promoting antiseptics,
specifically phenol or “carbolic acid” as he called it. Ironically, phenol soon fell out of favor as an
antiseptic due to its toxicity, whereas Semmelweis’s preferred solution of dilute hypochlorite bleach
is still widely used to disinfect surfaces and linens in hospitals.

With newly improved microscopes (Section 6.9), it became much easier to see organisms as small as
bacteria. However, a remaining problem was that most bacteria are essentially clear, and surrounded
by essentially clear liquid or other sample material. Therefore, scientists in the German-speaking
world developed methods that stained bacteria di↵erent colors than the surrounding sample mate-
rial, making it much easier to visualize their shapes and identify them under the microscope. Sci-
entists who developed important early microscope staining techniques for bacteria included Karl
Weigert (German, 1845–1904), Paul Ehrlich (German, 1854–1915), and Robert Koch (German,
1843–1910), as shown in Fig. 2.60.

In 1872, Ferdinand Cohn (German, 1828–1898, Fig. 2.61) created the modern classification system
for bacterial shapes (spheres or cocci, rods or bacilli, spirals or spirochetes, etc.).

Based on the earlier stains, Hans Christian Gram (Danish but worked and made his discovery in
Germany, 1853–1938, Fig. 2.60) developed the “Gram staining” method in Berlin in 1884 while
working with Carl Friedländer (German, 1847–1887, Fig. 2.65). Gram staining is still widely used
to distinguish between bacteria with two di↵erent types of cell walls, “Gram-positive” bacteria
that turn purple with this technique and “Gram-negative” bacteria that turn red. The ability to
distinguish between Gram-positive and Gram-negative bacteria, and among bacteria with di↵erent
shapes, was and remains a powerful method to identify bacteria under the microscope (Fig. 2.58).
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Figure 2.59: Ignaz Semmelweis discovered the importance of antiseptics in preventing the spread
of pathogens, such as a Streptococcus strain that caused “childbed fever.”
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Figure 2.60: Creators who developed methods of staining bacteria to identify them under the
microscope included Karl Weigert, Paul Ehrlich, Robert Koch, and Hans Christian Gram. Gram
staining is still widely used to distinguish between bacteria with two di↵erent types of cell walls,
“Gram positive” bacteria that turn purple and “Gram negative” bacteria that turn red.
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Figure 2.61: Ferdinand Cohn established the modern categories for bacteria shapes.
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As soon as German-speaking scientists developed improved microscopes and staining techniques for
bacteria, those and other German-speaking scientists immediately began to use those methods to
identify the bacteria responsible for di↵erent diseases. In fact, German-speaking scientists identified
almost all of the bacteria that were responsible for major bacterial infections at that time:

• Theodor Escherich (German/Austrian, 1857–1911, Fig. 2.62) discovered the common intesti-
nal bacteria Escherichia coli (E. coli) in 1885. Some strains of E. coli produce toxins and
cause food-borne disease outbreaks. Nonpathogenic E. coli are now widely used as genetically
engineered “workhorses” in biotechnology.

• Albert Fraenkel (German, 1848–1916, Fig. 2.62) discovered Streptococcus pneumoniae, the
cause of bacteria pneumonia, in 1884.

• Alexandre Yersin (Swiss, 1863–1943, Fig. 2.62) discovered Yersinia pestis bacteria, the cause
of bubonic, pneumonic, and septicemic plague, in 1894.

• Robert Koch (Fig. 2.63) discovered Bacillus anthracis, the cause of anthrax, in 1877; Staphy-
lococcus strains, the cause of staph skin infections, in 1878; Mycobacterium tuberculosis, the
cause of tuberculosis, in 1882; and Vibrio cholerae, the cause of cholera, in 1883. Koch received
the Nobel Prize in Physiology or Medicine in 1905.

Professor the Count K. A. H. Mörner, Rector of the Royal Caroline Institute, went into detail
about Koch’s achievements [www.nobelprize.org/prizes/medicine/1905/ceremony-speech/]:

In 1876 Koch entered the field of bacteriological research with an investigation of
anthrax, and two years later he produced his classical investigations into diseases
from wound infections. With the views set out there and the way he formulated the
questions, he had a fundamental e↵ect on the further development of bacteriology,
and the ideas he expressed there recur as a leading motive in his subsequent research
and form the foundation of modern bacteriology, as they do of the axioms of hygiene
which are derived from it.

He stressed that, if bacteria caused a disease, then they must always be demonstra-
ble in it, and they should develop in a way such that this would account for the
pathological process.

He further stressed that the capacity to produce disease could not be a general
property of bacteria or one common to them all. On the contrary it should be
expected in this respect to find specific properties distinguishing individual bacteria.
Even if they resemble other bacteria in their form, etc. they must still be di↵erent
from one another by virtue of this biological property: in other words, every disease
must have its special bacterium, and to combat the disease, it would be necessary
to look for clues in the biology of the bacterium. Koch therefore not only set himself
the task of examining the problem of whether diseases were caused by bacteria, but
also endeavoured to discover the special micro-organisms of the particular diseases
and to get to know more about them: this was a problem which, in the circumstances
then prevailing, seemed to o↵er very little hope of being solved. In the way Koch
solved this problem he was just as much, if not more, of a pioneer, then he already
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was in the abovementioned precision which he had given to the formulation of the
problem.

To start with, developing a general methodology is as valuable as finding the correct
technique for every special case. Koch’s genius has blazed new trails in this respect
and has given present-day research its form. To give a detailed description of this
is beyond the scope of this account. I only want to mention that he had moreover
already given a significant development to techniques in staining and microscopic
investigation as well as in the field of experiment in his earliest work. Shortly after
this he produced the important method, which is still generally the usual one, of
spreading the material under investigation in a solid nutrient medium to allow each
individual among the micro-organisms present to develop into a fixed colony, from
which it is possible, in further research, to go on to obtain what is known as a pure
culture.

Shortly after the publication of his investigations into diseases from wound infec-
tions Koch was appointed to the new Institution, the “Gesundheitsamt” (Depart-
ment of Health), in Berlin. There he started work on some of the most important
human diseases, namely, tuberculosis, diphtheria and typhus. He worked on the
former one himself. The two latter investigations he left to his first two pupils
and assistants, Loe✏er and Ga↵ky. For all three diseases the specific bacteria were
discovered and studied in detail.

To give an account of the work which Koch carried out, or accomplished through
his pupils, and also to mention the work which derives more indirectly from Koch,
would nearly be the same as describing the development of bacteriology over the
last few decades. I will content myself with naming some of the most important dis-
coveries and items of research which, in addition to those already named, are more
directly linked with Koch’s name. At the head of the German Cholera Commission
Koch investigated the parasitic aetiology of cholera in Egypt and India, and discov-
ered the cholera bacillus and the conditions necessary for its life. Experience thus
gained found practical application in the development of measures taken to prevent
and combat this devastating disease. In addition Koch made important investiga-
tions concerning plague in humans, malaria, tropical dysentery, and the Egyptian
eye disease (trachoma) among others, and now finally concerning typhus recurrens
in tropical Africa. He has also carried out work of exceptional importance, concern-
ing a host of destructive tropical cattle diseases, such as rinderpest, Surra disease,
Texas fever, and finally concerning coast fever in cattle and the trypanosome disease
carried by the tsetse fly.

Through the perfection he gave to methods of culturing and identifying micro-
organisms, he has been able to carry out his work with regard to disinfectants and
methods of disinfection so important for practical hygiene, and advice concerning
the early detection and combating of certain epidemic diseases such as cholera,
typhus and malaria.
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• Arthur Nicolaier (German, 1862–1942) discovered Clostridium tetani, the cause of tetanus,
in 1884. Émile van Ermengem (Belgian but closely coupled to the German research world,
1851–1932) discovered the closely related Clostridium botulinum, the cause of botulism, in
1896. See Fig. 2.64.

• Carl Friedländer and T. A. Edwin Klebs (German, 1834–1913) discovered Klebsiella pneumo-
niae, a cause of bacterial pneumonia, in 1882. See Fig. 2.65.

• T. A. Edwin Klebs and Friedrich Lö✏er (German, 1852–1915) discovered Corynebacterium
diptheriae, the cause of diptheria, in 1883. See Fig. 2.65.

• Albert Neisser (German, 1855–1916) discovered Neisseria gonorrhoeae, the cause of gon-
orrhea, in 1879. Anton Weichselbaum (Austrian, 1845–1920) discovered the closely related
Neisseria meningitidis, the cause of bacterial meningitis, in 1887. See Fig. 2.66.

• Erich Ho↵mann (German, 1868–1959) and Fritz Schaudinn (German, 1871–1906) discovered
Treponema pallidum, the cause of syphilis, in 1903. See Fig. 2.66.

• Salmonella species cause various illnesses (Fig. 2.67). Karl Joseph Eberth (German, 1835–
1926) discovered Salmonella typhi, the cause of typhoid fever, in 1880; Georg Ga↵ky (Ger-
man, 1850–1918) confirmed that finding in 1884. August Gaertner (1848–1934) discovered
Salmonella enteritidis, the cause of salmonellosis, in 1888. Hugo Schottmüller (German, 1867–
1936) discovered Salmonella paratyphi, the cause of paratyphoid fever, in 1900.
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Figure 2.62: Theodor Escherisch discovered Escherischia coli (E. coli) bacteria, Albert Fraenkel
discovered Streptococcus pneumoniae, and Alexandre Yersin discovered Yersinia pestis.
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Figure 2.63: Robert Koch discovered Bacillus anthracis, Staphylococcus, Mycobacterium tuberculo-
sis, and Vibrio cholera bacteria.
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Figure 2.64: Arthur Nicolaier discovered Clostridium tetani and Émile van Ermengem discovered
the closely related Clostridium botulinum.
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Figure 2.65: Carl Friedländer and T. A. Edwin Klebs discovered Klebsiella pneumoniae. Klebs and
Friedrich Lö✏er discovered Corynebacterium diptheriae.
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Figure 2.66: Albert Neisser discovered Neisseria gonorrhoeae and Anton Weichselbaum discovered
the closely related Neisseria meningitidis bacteria. Erich Ho↵mann and Fritz Schaudinn discovered
Treponema pallidum.
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Figure 2.67: Karl Eberth and Georg Ga↵ky discovered Salmonella typhi, August Gaertner discov-
ered Salmonella enteritidis, and Hugo Schottmüller discovered Salmonella paratyphi bacteria.
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German-speaking scientists also developed methods to cultivate bacteria and other microorganisms,
as shown in Figs. 2.68–2.73:

• Working together with Robert Koch, Julius Petri (German, 1852–1921) invented Petri dishes
in 1881. In that same year, spouses Fanny Hesse (born of German parents in the United
States, lived in Germany, 1850–1934) and Walther Hesse (German, 1846–1911) developed
agar nutrient gel to fill those dishes [Brock 1999; Schlegel 2004]. The agar provides a solid
surface that does not decay to a messy liquid as microorganisms grow on it. Agar-filled Petri
dishes are now virtually ubiquitous in biology laboratories for culturing microorganisms.

• By 1890, Carl Wehmer (1858–1935) was using yeast fermentation to produce citric acid,
fumaric acid, and other substances [Benninga 1990]. See Fig. 2.69.

• Franz Schardinger (Austrian, 1853–1920) used bacterial fermentation to produce acetone
(1903–1904). See Fig. 2.70 for some of his publications demonstrating his methods and results.

• In 1910, Chaim Azriel Weizmann (Belarus, educated and worked in Germany and Switzer-
land, 1874–1952) began internationally popularizing Schardinger’s methods of using bacterial
fermentation to produce acetone. (Sometimes international credit was given to Weizmann for
popularizing these methods, but not to Schardinger for first inventing, demonstrating, and
publishing these methods.)

• In the early twentieth century, bioreactors for the continuous liquid culture of microorganisms
were developed by scientists at Benkiser, Boehringer, I.G. Farben, Phrix, Röhm and Haas, and
other German companies and laboratories (Figs. 2.71–2.71). For more detailed information,
see pp. 2326–2329, 2337.

• In the 1940s, the use of bioreactors for the continuous liquid culture of microorganisms was
internationally popularized by German-speaking refugees such as Ernst Chain (German, 1906–
1979, working in the United Kingdom) and Leo Szilard (Hungarian, 1898–1964, working in
the United States, p. 181)13, and also by Allied investigators who wrote numerous reports on
the German biotechnology industry (pp. 2326–2329, 2337).

• Bioreactors are now used worldwide for a wide variety of industrial-scale production of mi-
croorganisms and products derived from them.

• See Appendix A for additional examples.

13See for example: Ronald Clark 1985; István Hargittai 2006; Lanouette and Silard 1992; Weart and Szilard 1978.
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Figure 2.68: In 1881, Robert Koch and Julius Petri invented Petri dishes, and Fanny and Walther
Hesse created nutrient agar to culture microorganisms on solid surfaces that would not decay to
liquid.
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Figure 2.69: By 1890, Carl Wehmer (1858–1935) was using yeast fermentation to produce citric
acid, fumaric acid, and other substances.
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Figure 2.70: Franz Schardinger used bacterial fermentation to produce acetone (1903–1904).
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Figure 2.71: In the early twentieth century, bioreactors for the continuous liquid culture of mi-
croorganisms were developed by scientists at several German companies. These methods were later
popularized internationally by Allied investigators who wrote numerous reports on the German
biotechnology industry. [FIAT 195; BIOS 1776]



180 CHAPTER 2. CREATORS AND CREATIONS IN BIOLOGY AND MEDICINE

Figure 2.72: In the early twentieth century, bioreactors for the continuous liquid culture of mi-
croorganisms were developed by scientists at several German companies. These methods were later
popularized internationally by Allied investigators who wrote numerous reports on the German
biotechnology industry. [BIOS 236; FIAT 910]
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Figure 2.73: In 1910, Chaim Azriel Weizmann began internationally popularizing Schardinger’s
methods of using bacterial fermentation to produce acetone. In the 1940s, Ernst Chain and Leo
Szilard internationally popularized bioreactors for continuous liquid culture of microorganisms.
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Julius Wagner-Jauregg (Austrian, 1857–1940) showed that some bacterial infections could be suc-
cessfully treated by infecting the patient with malaria parasites to induce a high fever, then later
curing the malaria with quinine. This method was called pyrotherapy (Fig. 2.74). He won the Nobel
Prize in Physiology or Medicine in 1927, although his method became obsolete with the develop-
ment of antibiotics in the following years. The Royal Swedish Academy of Sciences noted
[www.nobelprize.org/prizes/medicine/1927/wagner-jauregg/facts/]:

General paralysis is a stage in syphilis when the brain and psyche are attacked and the
patient ends up in a lethargic and paralytic state that can end in death. As far back
as antiquity, people noted that mental illnesses could be ameliorated by fevers. In 1917
Julius Wagner-Jauregg exposed patients to malaria-infected blood and could in this way
cure or alleviate general paralysis. The malaria was of a type that was comparatively
innocuous, and consequently the patient’s health could be improved.

Scientists from the German-speaking world played leading roles in developing antibiotics to treat
or prevent bacterial infections.14 The process of discovering and developing suitable antibiotic
molecules was challenging because they needed to be e↵ective at killing bacterial cells yet not kill
human cells, and they also had to be produced and purified with su�ciently quantity and quality.
Some of the major scientists are shown in Figs. 2.75–2.78.

Paul Ehrlich (German, 1854–1915) discovered Salvarsan in 1909 and successfully used it to treat
syphilis, caused by the sexually transmitted bacterium Treponema pallidum [Hüntelmann 2011]. He
won the Nobel Prize in Physiology or Medicine in 1908 for his earlier work on immunology (see p.
220).

Gerhard Domagk (German, 1895–1964) discovered and demonstrated sulfa antibiotics, the first
broad-spectrum antibiotics, in 1932 [Domagk 1935; Grundmann 2004; Hager 2006]. In 1939, he
won the Nobel Prize in Physiology or Medicine for that work.

Even by the standard of other Nobel Prize awards, Professor N. Svartz, member of the Royal
Caroline Institute, gave extremely high praise for Domagk’s discoveries
[www.nobelprize.org/prizes/medicine/1939/ceremony-speech/]:

During the investigations conducted by Domagk and his co-workers 4-sulphonamide-2’,
4’-diaminoazobenzene hydrochloride, among other substances, was tested. This prepara-
tion was subsequently named Prontosil. The earliest published experiments with Pron-
tosil were begun in December 1932. The lethal dose, for mice, of a certain strain of
haemolytic streptococci, which had been isolated from a patient su↵ering from blood
poisoning, had previously been determined. A number of mice were injected with 10
times the lethal dose of this bacterial strain, and approximately half of them were given
a specific quantity of Prontosil 1 1/2 hours after being infected.

14Bud 2006; Ronald Clark 1985; Domagk 1935; Gradmann and Simon 2010; Grundmann 2004; Hager 2006;
Hüntelmann 2011; Jahn 2004; Junker 2004; Koesling and Schülke 2010; Kohler 2008; Lax 2004; Magner 2002; Possehl
1989; Raviña and Kubinyi 2011; Schneider 1972; von Schwerin 2013; Sneader 2005; Weatherall 1991.
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On 24th December, 1932, it was found that in an experiment begun on 20th December,
1932, all the controls had died, whereas all the mice which had been given Prontosil
were alive and well. This was the basis of the discovery which was destined to bring
undreamed-of advances in chemotherapy. [...]

In addition, brilliant results have been obtained with certain infections not due to strep-
tococci, namely gonorrhoea and epidemic meningitis, and, as already mentioned, an
e↵ect has also been shown with staphylococcal infections.

This preparation, which is so e↵ective against various coccal infections, has also been
used with success in the case of certain infections due to bacilli, e.g. cold infections.
Sulphonamide is therefore now the best known remedy against infections of the urinary
passages due to colon bacilli. Preparations of this group are also e↵ective against un-
dulant fever as well as, to a lesser extent, other bacillary infections which will not be
enumerated here. [...]

Professor Gerhard Domagk was awarded the 1939 Nobel Prize for Physiology or Medicine
for the discovery of the antibacterial e↵ects of Protonsil. Protonsil was the first of the
so-called sulpha preparations, which have proved to represent one of the greatest ther-
apeutic advances in the history of medicine.

Ernst Chain (German, 1906–1979) purified penicillin, another broad-spectrum antibiotic, in 1940,
making it available for human use. He won the Nobel Prize in Physiology or Medicine in 1945
for that work [Ronald Clark 1985; Lax 2004]. Alexander Fleming (Scottish, 1881–1955) shared
in that Nobel Prize; he is famous for having earlier discovered penicillin-producing fungal cells,
but he had been unable to purify the penicillin or to scale up its production—both problems
were solved by Chain. Howard Florey (Australian, 1898–1968) also shared in the Prize; he ap-
pears to have focused largely on testing penicillin in animals and humans, leaving most of the
actual production and purification of penicillin to Chain. The Royal Caroline Institute noted
[www.nobelprize.org/prizes/medicine/1945/chain/facts/]:

After Alexander Fleming’s 1928 discovery that a certain mold produced a substance
called penicillin that inhibited the growth of bacteria, it was not a major leap to think
that penicillin could be used as a pharmaceutical. However, the substance proved to
be unstable and di�cult to produce in pure form. Ernst Boris Chain, Howard Florey,
and their colleagues succeeded in systematically producing a pure form of penicillin at
the beginning of the 1940s and in investigating its properties in more detail. Additional
e↵orts led to a pharmaceutical that could be produced in larger quantities.

Richard Kuhn (Austrian, 1900–1967) produced and tested synthetic antibiotics during World War
II, identifying a promising antibiotic (dubbed “3065”) and paving the way for later industrial
parallel synthesis, screening, and structure-activity relationship testing to identify and optimize
new drug molecules [CIOS ER 1, 75, 159]. Kuhn won the Nobel Prize in chemistry in 1938 for
unrelated research on vitamins (p. 345).
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Figure 2.74: Julius Wagner-Jauregg successfully treated bacterial infections by infecting the patient
with malaria parasites to induce a high fever (pyrotherapy), then later curing the malaria with
quinine. He won the Nobel Prize in Physiology or Medicine in 1927.
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Figure 2.75: Paul Ehrlich discovered Salvarsan, the first antibiotic, in 1909 and successfully used it
to treat syphilis.
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Figure 2.76: Gerhard Domagk discovered and demonstrated sulfa antibiotics, the first broad-
spectrum antibiotics, in 1932. The large sulfa family of antibiotics is still widely used today.
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Figure 2.77: Ernst Chain purified penicillin in 1940, taking penicillin from an e↵ect that could
only be demonstrated in Petri dishes to an e↵ective antibiotic that could be mass-produced and
administered to people.
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Figure 2.78: Richard Kuhn produced and tested synthetic antibiotics such as “3065” during WWII,
using massively parallel chemical synthesis and testing to carry out very modern methods of
structure-activity relationship (SAR) optimization of the molecules.
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2.2.2 Viruses

As shown in Fig. 2.79, viruses usually consist of just a few genes, packaged into a capsid made
of proteins. The majority of viruses use RNA to encode their genome, although some viruses use
DNA just as cells do. Some viruses wrap themselves in a protective envelope membrane to try to
hide from their host’s immune system, and some do not.

Viruses can range in size from smaller than 20 nm (for parvoviruses) to larger than 350 nm (for
smallpox), with ⇠50 nm as a typical average size. That means that virtually all viruses are too small
to be seen with even the best possible light microscope, and therefore early virology researchers
had to content themselves by proving that samples contained something that was infectious but too
small to see. It also means that when German-speaking scientists invented electron microscopes,
which could see things as small as viruses, that was a major step forward for virology.

Figure 2.80 shows how a typical virus replicates. Viruses do not have the machinery to replicate
themselves, so they must invade a suitable host cell (human, animal, plant, or even bacterial cell,
depending on the particular type of virus) and force the infected host cell to produce more copies
of the virus. The small number of viral genes tell the host cell what to do and block the host cell
from fighting o↵ the infection. Most RNA viruses replicate outside the cellular nucleus as shown in
the figure, and most DNA viruses replicate inside the nucleus.

German-speaking scientists made a large number of important discoveries in the early history of
virology.15 As with bacteriology, the most notable contributions to virology outside the German-
speaking world came from Louis Pasteur, whose development of the rabies vaccine was a scientific
tour de force that was probably decades ahead of its time.

Peter Plett (German states, 1766–1823) developed and successfully demonstrated a cowpox-based
vaccine for smallpox virus beginning in the late 1780s, and first reported his results in 1790. Edward
Jenner (English, 1749–1823) rediscovered the same thing several years later, and published his first
results in 1798. Yet Jenner became famous as the discoverer of smallpox vaccine, and Plett has
been virtually forgotten [Plett 2006]. See Fig. 2.81.

Advances in knowledge about the actual nature of viruses required specific viruses that could be
tested in a variety of ways under laboratory conditions, and that were important enough to justify
the expense of doing so. The German-speaking world identified and began unlocking the mysteries
of two such model viruses roughly in parallel: tobacco mosaic virus (TMV), which infects tobacco
plants (considered a valuable crop), and foot-and-mouth disease virus (FMDV), which infects cattle,
pigs, sheep, goats, and deer.

15Brandis 1957; Eberle 2015; Fast and Riebe 2011; Haagen 1941; Hinz-Wessels and Thiel 2010; Horzinek 1997;
Loe✏er and Frosch 1897, 1898; Loe✏er 1919; Mettenleiter 2005, 2017; Müssemeier 1957; Riebe and Möhlmann 2012;
Rott 1999; Rott and Siddell 1998; Wirtz 1998.
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                          Genome 
•  RNA (most viruses) or DNA (other viruses) 
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•  Usually all in one segment (but influenza has 8 segments); 
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Figure 2.79: General structures of typical non-enveloped and enveloped viruses.



2.2. MICROBIOLOGY AND IMMUNOLOGY 191

RNA virus 
replication 

New 
virions 

4. Uncoating 
of viral 
genome 8. Translation 

of viral mRNA 
into proteins 

9. Assembly 
of new virion 
capsids with 

genomes 

1. Attachment 
of viral 

glycoproteins 
to cell 

receptors 

5. Synthesis 
of other 

RNA strand 6. Transcription 
of viral mRNA 

7. Replication of 
viral genomic RNA 

ssRNA 
genome 

ssRNA genome 

Nucleus 

3. Escape 
from 

endosome 

2. Entry 
into cell 

mRNA 

Usually in 
the cytoplasm 

10. Release of 
new virions 
via budding 
or cell lysis 

Viral infections 

Figure 2.80: Replication of a typical RNA virus. Most RNA viruses replicate outside the cell nucleus,
and most DNA viruses replicate inside the cell nucleus (using the nucleus’s own enzymes).
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Figure 2.81: Peter Plett (1766–1823) developed and successfully demonstrated a cowpox-based
vaccine for smallpox virus beginning in the late 1780s, roughly a decade before Edward Jenner.
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As shown in Fig. 2.82, scientists who studied tobacco mosaic virus included:

• Adolf Eduard Mayer (German, 1843–1942) discovered the tobacco mosaic virus (TMV), a
virus that infects tobacco plants, in 1886. He found that the pathogen was too small to be
seen with a microscope (unlike bacteria) and was uncertain about its exact nature.

• In a series of experiments in the 1890s, Martinus Beijerinck (Dutch, 1851–1931) demon-
strated that TMV was not a bacterium–it was much smaller, could not be cultured in nutrient
medium, and only replicated in tobacco plants. He coined the term “virus” to describe this
type of pathogen.

• Gerhard Schramm (1910–1969) conducted a series of remarkably advanced experiments in
the late 1930s and early 1940s to investigate the molecular composition and functions of
TMV. He demonstrated TMV’s nucleic acid components could be separated from its protein
components, and that the nucleic acid (RNA) by itself was infectious in plants and therefore
carried genetic information. He also showed that he could make individual mutations in the
nucleic acid, leading to corresponding changes in the proteins and viruses that were produced
in infected plants—thus nucleic acids contained genes that encoded protein sequences. He also
showed that the proteins forming the viral structure around the nucleic acid were all identical,
suggesting how they assembled into symmetrical geometric structures. His experiments might
have gone even further if he had not been hampered by shortages and restrictions in wartime
Germany.16

• Heinz Fränkel-Conrat (German, 1910–1999) independently replicated and extended many of
Schramm’s experiments on the molecular biology of TMV in the United States after the war.

16Schramm 1941; Schramm 1943; Schramm and Dannenberg 1944; Schramm and Müller 1940; Schramm and Müller
1942; Schramm and Rebensburg 1942.
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Figure 2.82: Scientists who studied tobacco mosaic virus included Adolf Eduard Mayer, Martinus
Beijerinck, Gerhard Schramm, and Heinz Fränkel-Conrat.
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Scientists who studied foot-and-mouth disease virus (FMDV) included:17

• Friedrich Lö✏er (German, 1852–1915, Fig. 2.83) and Paul Frosch (German, 1860–1928, Fig.
2.83), who had both worked with Robert Koch, discovered foot-and-mouth disease virus
(FMDV) in 1897, demonstrating that the pathogen was not a bacterium. Lö✏er went on to
help create what became known as the Friedrich Lö✏er Institute on Riems island on the
Baltic coast of Germany, where experiments on FMDV and other animal viruses could be
conducted in isolation.

• Carl Hecker (German?, 1868–1910, Fig. 2.83) immediately developed the first FMDV animal
models (smaller animals that could be infected with the virus and therefore used to test
potential treatments) and anti-FMDV immune serum during the period 1897–1899.

• Otto Waldmann (German, 1885–1955, Fig. 2.84) was the head of the FLI during the period
1919–1948. In addition to his administrative duties, he was very active scientifically. Working
with Julius Pape (German?, 18??–19??), he developed a guinea pig model of FMDV in 1920.
Together with Gottfried Pyl (19??–19??) and Carl Köbe (19??–19??), he developed a highly
e↵ective FMDV vaccine in 1938.

• Some other especially noteworthy scientists working on FMDV at FLI were Erich Traub (Ger-
man, 1906–1985, Fig. 2.84), who was Waldmann’s deputy for several years before becoming
a consultant to U.S. animal labs after the war, and Friedrich Hecke (German?, 18??–19??),
who developed a remarkably early and advanced tissue culture model of FMDV infection in
1930. In 1943, FLI scientists also developed a complement-binding immunoassay that could
distinguish between di↵erent FMDV strains within less than one day.

German discoveries regarding FMDV were transferred to and utilized by the rest of the world. See
for example FIAT 900, The Waldmann Vaccine (Against Aphthous Stomatitis).

17Eberle 2015; Fast and Riebe 2011; Hinz-Wessels and Thiel 2010; Horzinek 1997; Loe✏er and Frosch 1897, 1898;
Loe✏er 1919; Mettenleiter 2005, 2017; Müssemeier 1957; Riebe and Möhlmann 2012; Rott 1999; Rott and Siddell
1998; Wirtz 1998.
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Figure 2.83: Scientists who studied foot-and-mouth disease virus included Friedrich Lö✏er, Paul
Frosch, and Carl Hecker.
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Figure 2.84: Scientists who studied foot-and-mouth disease virus included Otto Waldmann and
Erich Traub.
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Figure 2.85 shows an electron microscope image of poliovirus, the cause of polio. Poliovirus was
discovered in 1908 by Karl Landsteiner (Austrian, 1868–1943) and Erwin Popper (Austrian, 1879–
1955). Marguerite Vogt (German, 1913–2007) developed methods to grow poliovirus and polyoma
virus in tissue culture, and also pursued cancer research.

As shown in Fig. 2.86, some other German-speaking scientists who made important early contri-
butions to virology included:

• Max Delbrück (German, 1906–1981) did important early work on bacteriophages, viruses that
infect bacteria. He won the Nobel Prize in Physiology or Medicine in 1969. Professor Sven
Gad of the Royal Caroline Institute emphasized the importance of the discoveries of Delbrück
and his coworkers [www.nobelprize.org/prizes/medicine/1969/ceremony-speech/]:

The honour in the first place goes to Delbrück who transformed bacteriophage
research from vague empiricism to an exact science. He analyzed and defined the
conditions for precise measurement of the biological e↵ects. Together with Luria
he elaborated the quantitative methods and established the statistical criteria for
evaluation which made the subsequent penetrating studies possible. [...]

The research proceeded along the lines Delbrück had set for a little more than ten
years. During this period the bacteriophage life cycle was mapped out in detail.
The various phases of the replication process were dissected and studied separately.
[...]

Their discoveries have also had great importance for the geneticists. It is mainly
through studies of bacteriophages that the mechanisms of the genetic regulation of
the vital processes have been revealed.

Last but not least, bacteriophage research has given us the better insight in the
nature of viruses which is necessary for the understanding and combat of virus
diseases of higher beings. A long time has passed since the discoveries were made.
However, their general biological and medical importance was only gradually rec-
ognized and only in later years has the wide range of their applicability become
fully evident.

• Eugen Haagen (German, 1898–1972) was an expert on a wide variety of viral infections and
wrote a handbook on viruses, Viruskrankheiten des Menschen, that became a standard for
many years.

• Emil Pfei↵er (German, 1846–1921) was the first scientist to study what later came to be named
the Epstein-Barr virus—decades before Michael Epstein and Yvonne Barr. The disease caused
by the virus, infectious mononucleosis, is sometimes called Pfei↵er’s disease.

• Helmut Ruska (German, 1908–1973) developed electron microscopy methods of viewing viruses,
since viruses are too small to be seen by ordinary light microscopes.18

18von Ardenne and Pyl 1940; Gelderblom and Krüger 2014; Gentile and Gelderblom 2014; Krüger 2000; Pfankuch
and Ruska 1947; Helmut Ruska 1939; Helmut Ruska and Poppe 1947; Simmons 2002, pp. 270–274.
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Figure 2.85: Poliovirus was discovered by Karl Landsteiner and Erwin Popper, and cultured in cells
by Marguerite Vogt.
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Figure 2.86: Some other German-speaking scientists who made important early contributions to
virology included Max Delbrück, Eugen Haagen, Emil Pfei↵er, and Helmut Ruska.
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2.2.3 Prions

Prions are just rogue proteins and not real live microorganisms, but they can spread from one
animal or human host to another and kill their hosts, so they are usually classified as part of
microbiology. The normal, healthy form and the pathogenic form of a prion protein (PrP) have
the same amino acid sequence as each other, but they are folded up di↵erently, as shown in Fig.
2.87 (top). Figure 2.87 (bottom) illustrates how pathogenic prions can recruit initially healthy PrP
proteins to convert them into more prions. Pathogenic prions, shown in red, tend to accumulate
to form large clumps, called fibrils or plaques. Some pathogenic prions can break o↵ from the
clumps and bind to healthy prion proteins (green) normally found in the host animal or person.
The pathogenic prions refold the initially healthy prion proteins into the pathogenic shape, thus
gaining more converts for their cause and multiplying exponentially. If even a small number of
pathogenic prions are introduced into a healthy animal or human host (for example, if the new host
consumes prion-containing meat from a previous infected host), over time they can convert most
of the host’s prions into the pathogenic form. Because of their unique folded structure, pathogenic
prions are able to survive everything from cooking of meat to lying on the ground exposed to the
elements for years.

The best-known prions are formed from a protein commonly found in neurons, so when they become
pathogenic, they slowly make brain tissue look like Swiss cheese, killing brain cells and leaving only
holes where the cells used to be, as shown in Fig. 2.88 (top). Such prion infections are called bovine
spongiform encephalopathy or mad cow disease in cattle, chronic wasting disease in deer and elk,
scrapie in sheep and goats, and Creutzfeldt-Jakob disease or Kuru in humans, although they can
be transmitted from one species to another.

Prion infections were discovered and studied by (Fig. 2.88):

• Hans Gerhard Creutzfeldt (German, 1885–1964), who along with Jakob identified human
cases of the disease in 1920.

• Alfons Maria Jakob (German, 1884–1931), who along with Creutzfeldt diagnosed human cases
of the disease in 1920.

• Friedrich Meggendorfer (German, 1880–1953), who identified an inherited familial form of
Creutzfeldt-Jakob disease in 1930.
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Figure 2.87: The mechanism of pathogenic prion formation, showing (above) how a healthy PrP
protein can be refolded to be a pathogenic PrP protein, and (below) how pathogenic prions can
recruit initially healthy PrP proteins to convert them into more prions.
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Figure 2.88: Hans Gerhard Creutzfeldt, Alfons Maria Jakob, and Friedrich Meggendorfer discovered
prion infections, which tend to kill brain cells and leave lots of holes in brain tissue.
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2.2.4 Fungi

As shown in Fig. 2.89, fungal cells look very similar to plant cells, but are smaller and without
chloroplasts. Animal, plant, and fungal cell membranes contain di↵erent types of sterols. Plant
and fungal cells both have cell walls, but of di↵erent composition. There are many nonpathogenic
species of fungi that live in the environment, but also some pathogenic ones that can infect humans,
animals, or plants.

Scientists from the German-speaking world made many important discoveries regarding fungal
infections; Fig. 2.90 shows some examples.

Johann Schönlein (German states, 1793–1864) discovered human infections by the pathogenic fun-
gus Trichophyton. Trichophyton and similar fungal species cause fungal skin (tinea) infections,
including nail infections, scalp infections, athlete’s foot, jock itch, and ringworm on the body. They
secrete a keritinase enzyme that breaks down the keratin structural protein in skin, nails, and hair,
then live o↵ the resulting nutrients.

Abraham Buschke (German, 1868–1943) and Otto Busse (German, 1867–1922) discovered infections
by Cryptococcus. Cryptococcus species take the form of yeast both inside and outside humans; like
some bacteria, they are coated with a protective polysaccharide layer. If inhaled, they cause a mild
lung infection and then head for the central nervous system, where they can cause a potentially
fatal fungal mengingoencephalitis.

Heinrich Anton de Bary (German, 1831–1888) discovered fungal infections in plants.
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Figure 2.89: Fungal cells look very similar to plant cells, but smaller and without chloroplasts.
Animal, plant, and fungal cell membranes contain di↵erent types of sterols. Plant and fungal cells
both have cell walls, but of di↵erent composition.
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Figure 2.90: Johann Schönlein discovered human infections by the pathogenic fungus Trichophyton,
and Abraham Buschke and Otto Busse discovered infections by Cryptococcus. Heinrich Anton de
Bary discovered fungal infections in plants.
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2.2.5 Protozoa

Protozoa or protists are single-celled animals, so they are eukaryotic cells that are relatively similar
to human cells (Fig. 2.91). Pathogenic protozoa can take up residence in humans and cause disease
either from inside or from outside our cells, whereas non-pathogenic protozoa just live harmlessly
in the environment. Most protozoa can form spore-like cysts that are ⇠10-20 µm wide and can lie
dormant during harsh conditions in the environment, then in better conditions can hatch and grow
to their mature forms, which are usually ⇠20-400 µm long. Most pathogenic protozoa are trans-
mitted from person to person either by insect bites (e.g., Plasmodium or malaria), Trypanosoma,
etc.) or by ingesting contaminated water (e.g., amoeba species, Giardia, etc.).

Whereas German-speaking scientists made most of the major discoveries in all other categories
of pathogenic microorganisms (bacteria, viruses, prions, fungi, and helminths), they made fewer
important discoveries regarding pathogenic protozoa.

Many the major discoveries regarding pathogenic protozoa were made by French, British, and
American doctors, presumably because those countries had large populations of citizens or subjects
living in tropical or semi-tropical regions that are especially conducive to the growth of pathogenic
protozoa and the insects that carry them. Historically, German-speaking countries had far less
presence in such regions.

Nonetheless, Otto Bütschli (German, 1848–1920), shown in Fig. 2.92, did develop a method of
categorizing protozoa that has been widely used ever since.

Perhaps most importantly, Hans Andersag (born in Italy but educated and worked in Germany,
1902–1955) developed chloroquine and related treatments for malaria in 1934, as shown in Fig. 2.93.
Information on chloroquine and other antimalarial drugs was transferred to the United States and
other countries during and after World War II [e.g., Pou et al. 2012; BIOS 1387]. Chloroquine-based
drugs have been used worldwide ever since.
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Figure 2.91: Protozoa or protists can be classified by their method of locomotion: ciliates use many
hair-like cilia, flagellates use one or more whip-like flagella, sarcodines use pseudopods that can
easily be reshaped, and sporozoans have no visible means of locomotion and simply follow the
movement of the fluid they are in.
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Figure 2.92: Otto Bütschli developed a system to classify protozoa or protists.
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Figure 2.93: Hans Andersag developed chloroquine and related treatments for malaria in 1934.
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2.2.6 Helminths

Helminths are worms. Most helminths are non-pathogenic and live in the environment. However,
certain pathogenic types of helminths can invade the body of an animal or human, usually when
the helminth is a microscopic egg or larva, then slowly grow to considerable size inside their new
host. As shown in Fig. 2.94, helminths may be divided into three broad categories based on their
shapes and structures: nematodes (roundworms), trematodes (flatworms or flukes), and cestodes
(segmented tape worms). Di↵erent types of helminths attach themselves inside di↵erent organs
(usually the gastrointestinal tract, but sometimes elsewhere), siphon nutrients from their host, and
produce fertilized eggs that are excreted in the host’s waste to infect other animals or people.

German-speaking scientists made important discoveries regarding helminth infections (Fig. 2.95).

Rudolf Virchow (1821–1902) discovered Trichinella nematodes, a serious problem in undercooked
meat that is consumed by humans or domesticated animals.

Hans Vogel (1900–1980) discovered both Opisthorchis liver flukes and Echinococcus tapeworms.
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Figure 2.94: Helminths include: nematodes or roundworms; trematodes, flatworms, or flukes; and
cestodes or segmented tapeworms.
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Figure 2.95: Rudolf Virchow discovered Trichinella nematodes, and Hans Vogel discovered
Opisthorchis liver flukes and Echinococcus tapeworms.
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2.2.7 Immunology

The immune system has many di↵erent ways to recognize and attack pathogenic organisms or
anything else that does not appear to be normal component of the host. Some of the major types
of immune system responses to pathogen infections are shown in Fig. 2.96 and include:

• T lymphocytes peer inside other cells to see if they have been infected by pathogens. If so,
the T lymphocytes or T cells kill those cells and hopefully also the pathogens inside them.
T cells can even activate the apoptosis pathway to persuade infected cells to kill themselves
if the infected cells don’t feel guilty enough to do the deed on their own. The most e↵ective
pathogens are those that can hide inside cells without being detected until it is too late to
stop their evil scheme.

• B lymphocytes try to find and clobber pathogens outside our cells. B lymphocytes or B cells
make antibodies, proteins that can be tailored to bind to specific pathogens but not anything
else. Di↵erent B cells have di↵erent antibodies on their surface. If the antibodies on the surface
of a B cell detect and bind to a specific invading pathogen, that B cell will start replicating
and cranking out lots of those same antibodies to attack the pathogens. Sneaky pathogens
try to avoid that response by hiding inside our cells or inside other protective enclosures,
and/or by frequently changing their outer appearance so a given set of antibodies will no
longer recognize them.

• Other immune system cells such as natural killer (NK) cells and macrophages destroy cells
that fail to show proper identification, since they assume that those may be pathogen cells,
host cells that are infected but trying to hide it, host cells that are becoming cancer cells, or
other cells that are up to no good.

• Complement proteins act both by themselves and in conjunction with antibodies to bind to
the surface of a pathogen and interfere with its operation.

Creators from the German-speaking world made huge contributions to the field of immunology, the
study of how the immune system works and how it can be harnessed 19 Historically, immunology has
been divided into cellular immunity (how cells respond to pathogens) and humoral immunity (how
proteins such as antibodies and complement respond to pathogens). There is actually not a clear
distinction between cellular and humoral immunity—B cells produce and release antibody proteins,
antibodies and complement proteins can guide immune cells to pathogens, and there are other close
interactions between cellular and humoral immunity. Nonetheless, because the distinction between
cellular and humoral immunity was important during the history of the development of immunology,
those terms will be used here.

19Michael Carroll 2004; Deichmann 1996; Dominguez-Lacasa 2005; Gausemeier 2005; Gedeon 2006; Gradmann and
Simon 2010; Jahn 2004; Junker 2004; Koesling and Schülke 2010; Kohler 2008; Magner 2002; Raviña and Kubinyi 2011;
Possehl 1989; Schnalke and Atzl 2010; Schneider 1972; von Schwerin 2013; Simmons 2002; Sneader 2005; Weatherall
1991.
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Figure 2.96: Immune system responses against infections by pathogenic microorganisms include
highly pathogen-specific responses by T cells (which attack infected host cells) and B cells (which
produce antibody proteins), as well as nonspecific responses by other cells and proteins that attack
anything unfamiliar.
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Cellular immunity

Figure 2.97 shows examples of creators who played major roles in deciphering cellular immunity.

Rudolf Virchow (German, 1821–1902) arguably made the first contributions to cellular immunity
with his discoveries regarding the structure and reproduction of cells, cellular pathologies such as
cancer, and cellular responses to pathologies. He strongly supported the work of later researchers
such as Élie Metchniko↵ on cellular immunity.

Carl FriedrichWilhelm Claus (1835–1899) discovered and named phagocytes, cells that eat pathogens
or other unwanted substances in the body.

Élie Metchniko↵ (Russian but educated in Germany, 1845–1916) studied the structure and behavior
of phagocytes or macrophage cells. For that research, he won the 1908 Nobel Prize in Physiology
or Medicine. Professor the Count K. A. H. Mörner, Rector of the Royal Caroline Institute, noted
the importance of his work [www.nobelprize.org/prizes/medicine/1908/ceremony-speech/]:

Elie Metchniko↵ was the first to take up consciously and purposefully, by means of
experiments, the study of the question so fundamental to the question of immunity; by
what means does the organism vanquish the disease-bearing microbes attacking the or-
ganism in which they have succeeded in establishing themselves and developing? At first
his experiments were restricted to the lower animals. This was the case in his important
work concerning a kind of infection in certain microscopic aquatic animals, the so-called
water fleas. If the guiding principles behind these investigations were not known they
could appear to be remote from any medical interest. They were, however, the first links
in a chain of investigations leading to phenomena of immunity, also in mammals and in
humans. These investigations opened the way for Metchniko↵’s theory of phagocytosis.
According to this theory, the microorganisms are destroyed by the activity of cells in
the organism. Certain kinds of cells in the bodies of humans and animals, namely, are
supposed to have, in addition to other functions, the task of catching and destroying
disease-producing microbes which have succeeded in penetrating the organism, and also
of rendering certain bacterial poisons harmless.

I cannot here give a report on the comprehensive work and valuable observations which
go to make up this theory of phagocytosis. But an important aspect of this research is
that it makes a special study of certain types of cells, and that first of all the importance
of the cells for the phenomena of immunity is emphasized. One can safely predict that
even if other features are of more immediate importance in this doctrine, nevertheless
the abundant actual observations which have been made with regard to the importance
of the cells to the problem of immunity will always remain of great and permanent value.
In the doctrine of immunity, as in other provinces of biology, the activity of the cells,
which are considered as being the focus of organic life, remains a factor of the highest
importance. The research of recent years into the question of immunity has thrown the
importance of Metchniko↵’s work into strong relief. As a recognition of Metchniko↵’s
accomplishment in initiating modern research into the question of immunity, the direc-
tion and development of which, particularly in its early stages, he profoundly influenced,
the Caroline Institute wishes to honour him with this year’s Nobel Prize.
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Completely independently of Metchniko↵ and at approximately the same time, Johann Muellendorf
(German, 18??–19??) also studied macrophages and cellular immunity.

Niels Jerne (Dutch/Danish, 1911–1994) won the 1984 Nobel Prize in Physiology or Medicine for his
work on both cellular and humoral immunity. Professor Hans Wigzell of the Karolinska Institute
explained his discoveries [www.nobelprize.org/prizes/medicine/1984/ceremony-speech/]:

Niels Jerne is the great theoretician in modern immunology. He entered the immunolog-
ical arena comparatively late in his life and was 44 years old when in 1955 he published
his first important theory of the construction of the immune system. Jerne proposed
that the well-known capacity of the immune defence to recognize myriades of foreign
molecules was something predetermined, already existing in the body when the very
first contact with a foreign structure was made. What then happened was merely a
selection amongst the naturally occurring antibody population resulting in an increase
in production of exactly those antibodies which happened to have a good fit for the
structure. Jerne’s theory stood in great contrast to prevailing theories at that time, but
it was rapidly confirmed and extended. We now know that Darwin’s laws about natural
selection indeed apply to the cells of the immune system: Those cells which happen to
have received the property to produce a wanted antibody type will upon vaccination be
rewarded with regard to proliferative capacity and survival.

Jerne took another known feature of the immune defence as the starting point for his
next important theory, in 1971. The immune system always expresses a very strong
defence of the private and unique features of the tissues within one individual. This
behaviour creates great problems whenever attempts are made to transplant tissue from
one individual to another. Jerne assumed that the molecules in the tissues that cause
these reactions, the so-called transplantation antigens, must have their normal functions
within the body of the individual. He proposed that one function of these molecules could
be to serve as a specific driving force for the cells of the immune system, thus creating
a large number of cells from which cells especially suitable to defend the tissues of the
host would become selected. Special organs, such as the thymus, were assumed to serve
as a combination of greenhouse and university for these cells. In this theory Jerne did
predict to a great extent how the specificity of the cellmediated immunity is generated.

In the third great theory, in 1974, Niels Jerne introduced us to the mirror halls of im-
munology. The immune system is visualized somewhat like a gigantic computer where
constant communication and regulation takes place in between the di↵erent components,
the cells. The number of cells in such a network system in an adult human being exceeds
1012 (one million millions); and the system has through its capacity to produce billions
of di↵erent forms of antibodies an enormous inbuilt richness with regard to structural
variations. Jerne proposed that this should allow the creation of multiple complemen-
tary situations where certain antibodies would have select capacity to combine with
their mirror images. Some antibodies would according to the theory then even mimic
foreign molecules against which other antibodies would normally be produced during
immunization. Jerne postulated that pairs of antibodies and their mirror images would
spontaneously be produced during the development of the immune system, thus creating
the possibilities for communication networks and regulatory equlibria. During immu-
nization the foreign molecules would enter the mirror halls of immunology where the
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di↵erent pairs of antibodies and cells would perform their interdependent piruettes and
separate the partners chasing away the mirror images. This change in equilibrium would
then serve as a driving force, resulting in immunity. It is now well documented that net-
work forces of the fascinating type that Jerne predicted do indeed exist inbuilt in our
own immune systems. The theory also predicted the almost mind-boggling possibility
that antibodies of the mirror image-type could replace the foreign material completely
when inducing immunity. This is now a proven reality. Thus, it is for instance possible
to induce a long lasting immunity against hepatitis virus by immunization with mirror
image antibodies to the antibodies against hepatitis virus without ever using the virus
in the vaccination.

In conclusion, Niels Jerne has via his visionary theories enabled modern immunology
to make major leaps of progress. Several concepts in immunology now considered as
self-evident have their roots in some of his pioneering thoughts.

Rolf Zinkernagel (Swiss, 1944–) made important discoveries regarding T cells, for which he won
the Nobel Prize in Physiology or Medicine in 1996 (along with Peter Doherty). The Royal Swedish
Academy of Sciences summarized this work
[www.nobelprize.org/prizes/medicine/1996/zinkernagel/facts/]:

When the body’s cells are attacked by viruses, the immune system begins killing the in-
fected cells. By studying mice, Rolf Zinkernagel and Peter Doherty proved in 1973 how
the immune system recognizes virus-ridden cells. A kind of white blood cell, T-cells, kills
the virus-ridden cells, but only if they recognize both the foreign substances, viruses,
and certain substances from the body’s own cells. The discovery has provided an impor-
tant basis for vaccines and medicines for infectious diseases, but also for inflammatory
diseases and cancer.
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Figure 2.97: Creators who made significant contributions to knowledge about cellular immune
responses included Rudolf Virchow, Carl Claus, Johann Muellendorf, Élie Metchniko↵, Niels Jerne,
and Rolf Zinkernagel.
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Humoral immunity

Figure 2.98–2.99 shows examples of creators who played major roles in discovering and elucidating
humoral immunity.

Joseph Fodor (Hungarian, 18??–19??) discovered the first indications of complement protein activity
in 1886.

Hans Buchner (German, 1850–1902) demonstrated and studied complement proteins in 1891. He
was the older brother of Eduard Buchner (p. 127).

Paul Ehrlich (German, 1854–1915) made important discoveries regarding the humoral immune
system and how it could be harnessed. He won the 1908 Nobel Prize in Physiology or Medicine for
that work. Professor the Count K. A. H. Mörner, Rector of the Royal Caroline Institute, praised
Ehrlich’s discoveries [www.nobelprize.org/prizes/medicine/1908/ceremony-speech/]:

It has been shown that protection against disease can be of two kinds. It can consist in
the ability to destroy microbes or to inhibit their further development. This is a bacteria-
destroying immunity. But there is also a protection of another kind, one which acts
against the bacteria products. The damage which the disease-producing microorganisms
cause, namely, is conditioned by the poisons which these organisms produce and which
are distributed by the body fluids. A certain kind of immunity occurs against this danger
as well, namely the so-called poison immunity. The best known example of this is the
use of anti-diphtheria serum, when, through serum injection, substances are introduced
into the organism which act as antitoxins against the diphtheria poison. It has been
discovered that poisons which are produced by bacteria have the property, as have many
other substances also, of causing the production of elements in the organism which have
an antagonistic e↵ect especially and exclusively directed against the substance which
caused the production of the elements. This we call the formation of antibodies. After
immunity has been achieved, such antibodies are found in the humors of the organism.
Furthermore, it has been possible to show that these antibodies are of great importance,
not only as regards protection against disease-producing microorganisms themselves,
but also, above all, as regards protection against the toxic products of these organisms.
[...]

A man who has been responsible for important scientific progress as organizer and
leader in this field deserves to be mentioned among the first of those who have dedicated
themselves to a study of immunity, is the research scientist Paul Ehrlich, already famous
for his other biological work, and the Professorial Sta↵ of the Caroline Institute wishes
to honour him too with this year’s Nobel Prize for his work in the sphere of immunity.

Emil von Behring (German, 1854–1917) demonstrated that therapeutic antibodies could be pro-
duced by one individual and administered to another individual to combat a particular pathogen.
For that work, he won the Nobel Prize in Physiology or Medicine in 1901. Professor the Count K.
A. H. Mörner, Rector of the Royal Caroline Institute, explained the importance of von Behring’s
research [www.nobelprize.org/prizes/medicine/1901/ceremony-speech/]:

In general, the disease-causing bacteria produce poisons which in their turn give rise to
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a toxic condition in the individual in which they develop. And it is precisely because of
these poisons that the bacteria are so dangerous. Nevertheless, it has been shown that
the poisons, under certain conditions, will lead the organism to produce substances
which render them harmless and which prevent the development of the bacteria. When
such a condition of “immunity” has been built up, the individual can become insensitive
to the bacteria in question and resistant to the poisons. [...]

Blood fluid—or blood serum—from an individual who has been immunized with poisons
from a certain bacterium, can, namely, when introduced into the organs of another
individual, confer resistance upon him against the bacterium in question. Upon this
fact modern serum therapy is based.

Up until now, serum therapy has had particularly splendid triumphs in the case of
diphtheria, but its significance is not limited to this disease but extends much further.
The field which is opened up for research by the development of serum therapy has
therefore—for the present—no discernible limits. Much ground has been gained already
and we are justified in expecting a great deal of important progress.

The pioneer in this new area of medical research, Professor Emil von Behring, has been
chosen by the Professorial Sta↵ of the Caroline Institute as the recipient of this year’s
Nobel Prize for Medicine.

Richard Pfei↵er (German, 1858–1945) made many important discoveries in microbiology and im-
munology during his long career. He developed both therapeutic antibodies and vaccines for several
bacterial infections, including cholera and typhoid.

Julius Morgenroth (German, 1871–1924) worked closely with Paul Ehrlich and also conducted his
own research on immunology and therapeutics for infections.

Fritz Breinl (German?, 1888–1936) and Felix Haurowitz (Czech, 1896–1987) conducted experiments
on antibody formation and developed theoretical models of the process.

To complete the story even though this is a little later than the primary time period for this
book, Georges Köhler (German, 1946–1995) developed the hybridoma method for producing large
amounts of identical (monoclonal) antibodies for diagnostic or therapeutic applications (along with
César Milstein). For that innovation, he won the Nobel Prize in Physiology or Medicine in 1984. Pro-
fessor Hans Wigzell of the Karolinska Institute noted [www.nobelprize.org/prizes/medicine/1984/
ceremony-speech/]:

At the same time the young researcher Georges Köhler struggled in Basel in Switzerland
to study normal antibody-producing cells in tissue culture. His research was in part
frustrating as he could only get very few cells to survive for short periods of time.
Köhler knew of the important studies of Milstein, and it seemed logical to see if normal
antibody-forming cells could be fused with tumor cells to produce long-lived hybrid cell
lines. If this was indeed possible the experiments of Milstein would indicate that they
should then continue to produce their antibodies. At the same time the normally evil
feature of tumor cells, the capacity to proliferate for ever, would now be turned into a
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very beneficial feature. Köhler went to Milstein’s laboratory and together they wrestled
with the problems and managed to solve them in a hectic two year period, 1975–1976.
By that time they had succeeded to develop a technique allowing them at will to fish up
exactly those rare antibody-producing cells that they wanted from a sea of cells. These
cells were fused with tumor cells creating hybrid cells with eternal life and capacity
to produce the very same antibody in high quantity. Köhler and Milstein called these
hybrid cells hybridomas, and as all cells in a given hybridoma come from one single
hybrid cell, the antibodies made are monoclonal.

Köhler’s, and Milstein’s development of the hybridoma technique for production of
monoclonal antibodies have in less than a decade revolutionized the use of antibodies
in health care and research. Rare antibodies with a tailor-made-like fit for a given
structure can now be made in large quantities. The hybridoma cells can be stored in
tissue banks and the very same monoclonal antibody can be used all over the world
with a guarantee for eternal supply. The precision in diagnosis is greatly improved, and
entirely new possibilities for therapy have been opened up via the hybridoma technique.
Rare molecules present in trace amounts in complex solution can now be purified in an
e�cient manner using monoclonal antibodies. In all, it is therefore correct to describe
the hybridoma technique discovered by Georges Köhler and César Milstein as one of
the major methodological advances in medicine during this century.
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Figure 2.98: Creators who made significant contributions to knowledge about humoral (protein)
immune responses included Joseph Fodor, Hans Buchner, Paul Ehrlich, and Emil von Behring.
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Figure 2.99: Other creators who made significant contributions to knowledge about humoral (pro-
tein) immune responses included Richard Pfei↵er, Julius Morgenroth, Fritz Breinl, and Felix Hau-
rowitz.
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Immunoassays

As illustrated in Fig. 2.100, immunoassays use antibodies (produced by B cells) that bind to specific
pathogens but nothing else. Each antibody is a Y-shaped protein, with an identical pathogen binding
site at the top of each prong of the Y. If the corresponding pathogen is not present in a sample,
nothing happens, but if it is, antibodies and pathogens bind to each other and create a detectable
clump. Immunoassays are now used for a wide variety of medical diagnostics and biotechnology
applications.

Creators from the German-speaking world, shown in Fig. 2.100, developed immunoassays to test
for the presence of specific pathogens in vitro (in test tubes):

• Max von Gruber (Austrian, 1853–1927) discovered the agglutination reaction, in which anti-
bodies and pathogens clump together, in 1896.

• Rudolf Kraus (Austrian, 1868–1932) used the agglutination reaction to create an antibody
assay for specific bacterial precipitins in 1897.

• August von Wasserman (German, 1866–1925) used similar methods to create a complement
fixation test for syphilis bacteria in 1906.

• Similar in vitro immunoassays were rapidly developed for a wide variety of other pathogens
or other targets for detection.

As shown in Fig. 2.101, creators from the German-speaking world also developed immunoassays to
test for the presence of specific pathogens in vivo (directly in the body of a patient):

• Clemens von Pirquet (Austrian, 1874–1929) developed the skin test for tuberculosis in 1906,
and it has been widely used ever since.

• Béla Schick (Hungarian, educated and worked in Austria, 1877–1967) developed a skin test
for diphtheria susceptibility in 1910. The method became known as the Schick skin test and
was used worldwide.

• Similar in vivo immunoassays were quickly developed for a wide variety of other pathogens
or allergic reactions.
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Figure 2.100: Max von Gruber, Rudolf Kraus, and August von Wasserman harnessed components
of the immune system to create in vitro (in the lab) immunoassays for specific pathogens.
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Figure 2.101: Clemens von Pirquet and Béla Schick harnessed components of the immune system
to create in vivo (in the body) immunoassays for specific pathogens.



228 CHAPTER 2. CREATORS AND CREATIONS IN BIOLOGY AND MEDICINE

Vaccines and adjuvants

Vaccines are another way to artificially harness the immune system. Vaccines teach the immune
system what specific pathogens to keep watch for, like showing a “wanted” poster to the police
(Fig. 2.96). A good vaccine looks like a certain pathogen to the immune system, yet does not do
any pathogenic mischief itself. Most vaccines use killed versions of the target pathogen, artificially
weakened versions of the target pathogen, or individual pieces of the target pathogen.

As already noted, German-speaking creators produced many of the first vaccines. (Louis Pasteur
in Paris played an enormous role too of course.) Peter Plett developed and demonstrated the first
cowpox-based vaccine for smallpox (p. 189). Otto Waldmann, Gottfried Pyl, and Carl Köbe created
a vaccine for foot-and-mouth disease virus (p. 195). Poliovirus was discovered by Karl Landsteiner
and Erwin Popper, and cultured in cells by Marguerite Vogt, which were essential steps to creating
vaccines for polio (p. 199). Many other examples could be cited as well.

German-speaking creators also developed methods to make vaccines more e↵ective, as shown in
Fig. 2.102. Jules Freund (Hungarian, educated and worked in Austria and Germany, 1890–1960)
introduced chemical adjuvants (additives) to make vaccines more potent. In 1957, Jean Lindemann
(Swiss, 1924–2015) discovered (along with Alick Isaacs) interferon, a natural hormone that can
provoke a strong immune system response.
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Figure 2.102: Jules Freund developed adjuvants (additives) to make vaccines more potent. Jean
Lindemann discovered that interferon could provoke a strong immune system response.
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2.3 Neuroscience

German-speaking scientists largely dominated the early history of neuroscience, the study of how
the brain, senses, nerves, and muscles work.20 Neuroscience is a very large and diverse field; for
convenience, it is divided into several (overlapping) subfields in this section:

2.3.1. Brain regions

2.3.2. Neurons

2.3.3. Neurotransmitters

2.3.4. Animal behavior

2.3.5. Circadian rhythms

2.3.6. Electroencephalography (EEG)

2.3.7. Neuropathology and neuropsychiatry

2.3.8. Psychology and psychotherapy

2.3.9. Analgesics and anesthetics

2.3.10. Vision

2.3.11. Hearing and balance

2.3.12. Touch

2.3.13. Taste

2.3.14. Smell

2.3.1 Brain Regions

Apart from the French physician Pierre Paul Broca (1824–1880), most of the scientists who worked
to decipher which regions of the brain perform which functions came from the greater German-
speaking world (Figs. 2.103–2.106).

20Bielka 2002; Deichmann 1996; Dominguez-Lacasa 2005; Finger 1994; Gausemeier 2005; Gedeon 2006; Jahn 2004;
Junker 2004; Koesling and Schülke 2010; Kohler 2008; Magner 2002; Pasternak 2004; Possehl 1989; Raviña and
Kubinyi 2011; Schnalke and Atzl 2010; Schneider 1972; von Schwerin 2013; Simmons 2002; Roger Smith 1997; Sneader
2005; Weatherall 1991.
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Franz Joseph Gall (German states, 1758–1828) and Johann Spurzheim (German states, 1776–1832)
were two of the first scientists to systematically investigate the localization of brain functions.

Friederich Goltz (German, 1834–1902) used surgical methods to study the functions of regions of
the cerebral cortex in dogs’ brains.

Gustav Fritsch (German, 1838–1927) and Eduard Hitzig (German, 1838–1907) used electrical stim-
ulation to investigate the functions of di↵erent areas of dogs’ brains.

Hermann Munk (German, 1839–1912) studied the functions of di↵erent parts of the brains in dogs
and monkeys.

Carl Wernicke (German, 1848–1905) identified the region of the human brain that is involved in
comprehending language, now known as Wernicke’s area.

Constantin von Monakow (Russian, studied and worked in Switzerland, 1853–1930) spent his career
studying neuroanatomy and neural functions.

Jacques Loeb (German, 1859–1924) applied electrical stimulation to localized areas of dogs’ brains
and conducted experiments in other areas of biology. He moved to the United States and became
a champion of improving science research there.

Korbinian Brodmann (German, 1868–1918) identified 52 distinct regions of the cerebral cortex,
which are now called Brodmann areas. Brodmann studied the macroscopic and microscopic features
of each area, as well as its functions.

The spouses Oskar Vogt (German, 1870–1959) and Cécile Vogt-Mugnier (French but worked in
Germany, 1875–1962) were pioneers in neuroanatomy and electrical stimulation of the brain. They
were assisted by Max Borcherdt (German?, 18??–19??) and Louise Bosse (German?, 18??–19??),
among others.

Walter Rudolf Hess (Swiss, 1881–1973) was another pioneer in using electrodes for mapping the
locations and functions of brain regions. For that work, he won the Nobel Prize in Physiology or
Medicine in 1949. Professor H. Olivecrona of the Royal Caroline Institute explained Hess’s research
[www.nobelprize.org/prizes/medicine/1949/ceremony-speech/]:

Although we have long been aware of the function of the midbrain as a higher center
of the autonomous nervous system, we have only now, through the research of Walter
Rudolf Hess, had the localization of these functions mapped out in detail. Through the
use of a refined and accurate technique he has succeeded in applying stimulation to or
causing the destruction of very small areas, and thus he has been able to study the e↵ect
of the stimulus, as well as of the disappearance of a function. For his experiments he
has used cats into which, under anesthesia, a thin metal wire has been introduced. The
wire has been electrically insulated along its entire length except at the very end, which
has been placed in the center of the brain area which is being studied. When the animal
has regained consciousness and has recovered entirely from the e↵ect of narcosis, it is
possible to stimulate the area of the midbrain where the end of the needle is situated by
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conducting a weak electric current through the metal wire. There were various e↵ects,
depending upon the location of the needle-end, each e↵ect always connected to one
definite center of stimulation. By electrical stimulation of certain strictly limited parts
of the midbrain it was possible to reproduce spontaneous autonomous functions. By
stimulating one definite part, the animal was caused to curl up and go into a sleep
from which it could be awakened just as easily as from natural sleep. Stimulation of
other areas gave rise to defensive reactions which would normally occur if the cat were
threatened by a dog: the hairs on the back stood up on end, the tail was ru✏ed, the
cat spat and, if the stimulus was not discontinued, it attacked. Other localizations of
the stimulus caused evacuation of the intestines or the bladder, accompanied by the
characteristic body postures. From other areas, blood circulation and respiration could
be influenced. It was common to all these experiments with stimuli that they released
complex functions, not limited to the reactions characteristic of the autonomic nervous
system, such as evacuation of the intestines, secretion of saliva, changes of the pupils,
and the like, but were accompanied by reactions of the skeletal muscles necessary and
appropriate to the autonomic function, such as characteristic body postures, attempts at
escape or attack, and so forth. It was apparent from these facts that in the midbrain we
have higher centers of autonomic functions which coordinate these with reactions of the
skeletal musculature adapted to the individual functions. An ingenious method made
possible the exact determination of the anatomic localization after the discontinuance
of the experiment, and thus the anatomic substrata of complex autonomic functions
could be mapped out. Through his research Hess has brilliantly answered a number of
di�cult questions regarding the localization of body functions in the brain.

Johannes Dusser de Barenne (Dutch, 1885–1940) injected strychnine into di↵erent regions of the
cerebral cortex in order to determine their functions.
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Figure 2.103: Creators from the German-speaking world made significant contributions to knowl-
edge about the regional organization of the brain.
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Figure 2.104: Creators who made significant contributions to knowledge about the regional organi-
zation of the brain included Korbinian Brodmann, Johannes Dusser de Barenne, Gustav Fritsch,
Franz Joseph Gall, Friederich Goltz, and Walter Hess.
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Figure 2.105: Other creators who made significant contributions to knowledge about the regional or-
ganization of the brain included Eduard Hitzig, Jacques Loeb, Constantin von Monakow, Hermann
Munk, Johann Spurzheim, and Carl Wernicke.
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Figure 2.106: Other creators who made significant contributions to knowledge about the regional
organization of the brain included Cécile Vogt-Mugnier, Oskar Vogt, Max Borcherdt, Louise Bosse,
and Max Lewandowsky.
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2.3.2 Neurons

The brain is composed of cells, and the predominant types of brain cells are called neurons, as
illustrated in Fig. 2.107. (There are also glial cells, which assist and care for the neurons, and also
appear to play direct roles in thinking that are still not well understood.) Thought impulses or
signals travel within a given neuron as an electrical signal, called an action potential. Signals are
usually sent from one neuron to other neurons as chemical molecules or neurotransmitters that are
released by one neuron and detected by its immediate neighbors.

Other than the extraordinarily farsighted and far-reaching work of the Spanish scientist Santiago
Ramón y Cajal (1852–1934) and the staining methods of the Italian histologist Camillo Golgi
(1843–1926), most of the early research on individual neurons occurred in the German-speaking
world.

Johann Purkinje (Austrian/Czech, 1787–1869) discovered what are now called Purkinje cells in
the cerebelllum. He also discovered what are now called Purkinje fibers that conducted electrical
impulses in the heart.

Rudolf Wagner (German states, 1805–1864) studied neurons, neuroanatomy, and electric eels.

Rudolf von Kölliker (Swiss, 1817–1905) employed staining methods to study neuron pathways in
the inner brain and the spinal cord.

Leopold Auerbach (German, 1828–1897) discovered what is now called Auerbach’s plexus, a bundle
of neurons linked to the gastrointestinal tract.

Heinrich Wilhelm von Waldeyer-Hartz (German, 1836–1921) conducted research on neurons and
in fact coined the word “neuron” to describe individual brain cells.

Heinrich Lissauer (German, 1861–1891) discovered what is now called Lissauer’s tract, neural fibers
in the posterolateral tract of the spinal cord.

Ludwig Guttmann (German, 1899–1980) pioneered the treatment of spinal injuries.

Emil du Bois-Reymond (German, 1818–1896) discovered the action potential (the propagation of
an electrical signal in a neuron) in 1843.

Hermann von Helmholtz (German, 1821–1894) measured the conduction velocity of action poten-
tials in 1850.

In 1902, Julius Bernstein (German, 1839–1917) realized that the action potential involved calcium
ions passing through the cellular membrane.

In 1949, Bernhard Katz (German, 1911–2003) also considered the e↵ect of other types of ions on
the action potential.
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Bert Sakmann (German, 1942–) and Erwin Neher (German, 1944–) invented and used the patch
clamp technique to measure the electrical current from individual ion channels in neurons and other
cell types (Fig. 2.110). For that work, they won the Nobel Prize in Physiology or Medicine in 1991.
Professor Sten Grillner of the Karolinska Institute explained their discoveries
[www.nobelprize.org/prizes/medicine/1991/ceremony-speech/]:

Ions are transported through ion channels, which can be specific to one type of ion like
sodium or potassium. Every single ion channel consists of one protein molecule or a
molecular complex, which forms the walls of a thin channel, connecting the interior of
the cell with its exterior. The ion channel has such a small diameter that it corresponds
to the width of only one single ion, and it is thus incredibly small. The ion channel is
opened or closed as its molecule changes shape. When, for example, the ion channel
molecule for sodium is opened, sodium ions in a long row will pass through the minute
ion channel into the cell, because there are more sodium ions outside the cell than on the
inside. Since ions are electrically charged, an electric current will also pass through the
open ion channel. This year’s Laureates, Erwin Neher and Bert Sakmann, succeeded in
making a conclusive demonstration that ion channels exist, by developing a technique
by which the miniscule currents, flowing through a single ion channel molecule, could be
measured. These are currents of a thousandth of a billionth of an ampère. The technique
is nevertheless, in principle very simple. A thin glass-tube filled with fluid is used as a
recording electrode. The tip of the tube is pulled out to a width of only some thousandth
of a millimeter. When it is brought in very close contact with the cell membrane, they
form as it were, a chemical unity with each other. The ion channels, which are present
in the cell membrane under the pipette opening, will then form the only connection
between the interior of the cell and its outside. When one of the channels is opened a
very small current will flow, which can be measured through the ingenious technique
of Neher and Sakmann. We can thus measure exactly when a single ion channel is
opened or closed, that is when a single molecule changes its shape. This is a totally
unique level of resolution. This technique was combined with the new methods for
biochemical microsurgery on single molecules, through which di↵erent parts of the ion
channel molecules can be modified or exchanged. Through this procedure, it has been
possible to elucidate the function of the di↵erent parts of the molecule, for instance,
what makes an ion channel select only one type of ion, or be sensitive to a particular
type of chemical transmitter. This technique has in one single blow changed our ability
to study the di↵erent ion channels, which influence the life of every little cell. Thousands
of laboratories throughout the entire world now use this technique to understand the
roles ion channels may play in di↵erent tissues in animals or plants. Ion channels are,
for instance, engaged when the cells in the pancreas secrete insulin, when the heart is
contracting, or when we think or remember something. A number of diseases are either
influenced or caused by a modified ion channel function. Many drugs act directly on the
specific type of ion channel, which is of importance in a particular disease. Examples
include anxiety, cardiovascular disease, epilepsy, and diabetes. Our life as a unique
individual actually starts with an activation of the ion channels in the egg cell by the
sperm at the instant of conception. This prevents other competing sperms from gaining
access to the egg cell.
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Figure 2.107: Structure of a typical neuron. Signals are transmitted as electrical signals (action
potentials) within each neuron and chemical signals (neurotransmitters) between neurons.
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Figure 2.108: Scientists from the German-speaking world who made significant contributions to
knowledge about neurons included Johann Purkinje, Rudolf von Kölliker, Leopold Auerbach, Hein-
rich von Waldeyer-Hartz, Heinrich Lissauer, and Ludwig Guttmann.
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Figure 2.109: Scientists from the German-speaking world who made significant contributions to
knowledge about electrical action potential signals within neurons included Emil du Bois-Reymond,
Hermann von Helmholtz, Julius Bernstein, and Bernard Katz.
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Figure 2.110: Bert Sakmann and Erwin Neher developed the patch clamp technique to measure the
electrical current from individual ion channels in neurons and other cell types.
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2.3.3 Neurotransmitters

As shown in Fig. 2.111, chemical molecules or neurotransmitters carry signals across the synapse
(gap) between the end (axon) of one neuron and the beginning (dendrite) of the next neuron.
Di↵erent types of neurons produce and respond to di↵erent types of neurotransmitters, such as
acetylcholine, dopamine, histamine, and norepinephrine.

Scientists from the German-speaking world made many significant contributions to knowledge about
neurotransmitters (Figs. 2.112–2.113).

Hermann Blaschko (German, 1900–1993) worked out the synthetic pathway for dopamine, nore-
pinephrine, and epinephrine in 1939 (independently of Peter Holtz).

Daniel Bovet (Swiss, 1907–1992) discovered antihistamines, drugs that block histamine-mediated
signals and that have been widely used since then to control allergic reactions. He won the Nobel
Prize in Physiology or Medicine in 1957. Professor B. Uvnäs of the Royal Caroline Institute noted
[www.nobelprize.org/prizes/medicine/1957/ceremony-speech/]:

Daniel Bovet concentrated his research on the problem of pharmacologically blocking the
amines mentioned above, and he succeeded in producing substances which specifically
inhibited their e↵ects.

As early as 1937, Bovet and Staub succeeded in producing the first antihistamine, thy-
moxidiethylamine, capable of preventing anaphylactic shock in animals which, unneu-
tralized, was fatal. This first histamine antagonist was, it is true, too toxic to be used
clinically, but virtually every antihistamine that is used throughout the world today to
oppose symptoms of allergy is derived from it. [...]

For a number of years, Bovet and his co-workers studied in animals the relationships
between chemical structure and biological e↵ect, as could be observed in the alkaloids
of curare and ergot. Proceeding by systematic variations and successive simplifications
of chemical structure, work which involved the elaboration of new methods of biological
testing and the production of hundreds of new synthetic chemical compounds, they suc-
ceeded, by degrees, in obtaining simple chemical compounds which proved themselves,
from the point of view of specificity and the absence of undesirable side-e↵ects, much
more useful than naturally occurring substances.

The interest which the appearance of products capable of paralysing muscle presents
in practical medicine is bound to the evolution of modern surgery, which has made
it possible to perform more and more complicated surgical procedures. Operations of
this type often require complete muscular relaxation. Anaesthesia must therefore be
deep and long, and for this reason it carries risks which can be more dangerous than
the surgery itself. We owe to Bovet’s research the general muscle relaxants which we
use today. We can, in this way, use a light level of anaesthetic and reduce the hazards
to which the patient is subjected. Sympatholytic compounds have not yet found any
application in general medicine. The future will tell whether the hopes placed in them
will be fulfilled and whether they will be of value in the treatment of hypertension and
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other vascular conditions for which we think a reduction in nervous control would be
desirable.

Apart from the importance of Bovet’s work in experimental neuropharmacology, his
observations have exerted a very stimulating influence in one rapidly growing branch of
pharmacology: I speak of psychopharmacology. Biological amines are the transmitters
of nerve impulses in the di↵erent tracts of the brain, just as they are the chemical agents
which link nerve fibres to peripheral organs. In other words, it should be possible to
find drugs which specifically a↵ect brain function.

Edith Bülbring (German, 1903–1990) studied the e↵ects of acetylcholine, epinephrine, and serotonin
on muscles.

Wilhelm Feldberg (German, 1900–1993) conducted experiments involving histamine, acetylcholine,
and other neurotransmitters.

Peter Holtz (German, 1902–1970) worked out the synthetic pathway for dopamine, norepinephrine,
and epinephrine in 1939 (independently of Hermann Blaschko).

Bernhard Katz (German, 1911–2003) studied how acetylcholine is released from neurons at synapses.
For his discoveries, he won the Nobel Prize in Physiology or Medicine in 1970. Professor Börje Uvnäs
of the Nobel Committee for Physiology or Medicine explained Katz’s research
[www.nobelprize.org/prizes/medicine/1970/ceremony-speech/]:

Bernhard Katz was specially interested in the electrical events which occur when im-
pulses in motor nerves induce muscle activity by acting at motor end-plates. These
special structures in the muscle with condenser-like properties are charged by the nerve
impulses and their discharge in turn activates the muscle. Through the discovery of
the existence of “miniature end-plate potentials” Katz demonstrated that the messen-
ger substance between the motor nerve and the muscle end-plate, acetylcholine, was
released from the nerve terminals in small quanta, small packages if you like.

Max Lewandowsky (German, 1876–1916) studied epinephrine and other neurotransmitters, and
named the “blood-brain barrier” that only allows certain substances in the bloodstream to enter
the brain.

Otto Loewi (German, 1873–1961) discovered the neurotransmitter acetylcholine. For that accom-
plishment, he won the Nobel Prize in Physiology or Medicine in 1936. Professor G. Liljestrand of
the Royal Caroline Institute praised Loewi’s research
[www.nobelprize.org/prizes/medicine/1936/ceremony-speech/]:

While the idea that nerve stimulation could be brought about by the release of certain
substances was not entirely new, it is nevertheless thanks to Loewi that the idea was
brought from the realm of unproven hypotheses on to the firm ground of certain experi-
ence. He first used a heart with its nerve trunk, removed from a frog or toad, connecting
up the heart chamber with a small glass container in which was a small quantity of a
suitable nutrient fluid. If the nerve trunk was stimulated by electrical means, the num-
ber and strength of heart beats altered according to circumstances there are, namely,
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in the nerve trunk fibres from both the sympathetic and the parasympathetic systems.
If after such stimulation Loewi transferred the fluid which had been pumped in and out
of the heart into another similarly prepared heart, he found that the fluid itself had
taken on properties capable of producing changes in the activity of the organ corre-
sponding to those which had earlier been produced by the nerve stimulation. Through
this very simple but ingenious experiment it was proved that the nerve stimulus can
release substances having the action characteristic for the nerve stimulation and further
observations left no doubt whatever that the nerve stimulus itself was passed on to the
organ by chemical means.

Painstaking work now began with the object of determining the nature of the sub-
stances concerned—it was soon apparent that di↵erent substances were involved in the
stimulation of the two di↵erent kinds of nerves. This task would appear hopeless con-
sidering the incredibly small quantities in which the substances are released. Chemical
methods alone were of no avail. But Loewi carried out instead a model analysis, using
those activities which were obtained in the living organism under changing conditions.
With the sympathicus substance he was able to prove in this way that, in a series of
important points such as destruction through oxidation and under the e↵ects of certain
kinds of irradiation, as well as in regard to its action, it corresponded absolutely with
adrenaline. As regards the parasympathetic substance, the task was more di�cult on
account of its rapid breaking down in the presence of blood and tissue—this supports
the contention made previously that the parasympathetic nerves act locally whereas
the action of the sympathetic nerves is more widespread. Loewi and Navratil discov-
ered that the breaking down could be prevented by the addition of the vegetable base
physostigmine and this made it possible to work out a method which later made the
detection of the substance very much easier. After considerable work, Loewi was able
to determine the nature of this substance too, and to prove that the parasympathetic
substance was identical with acetylcholine.

David Nachmansohn (German, 1899–1983) focused on acetylcholine, especially at junctions between
neurons and muscles.

Marthe Vogt (German, 1903–2003) was appointed head of the chemical division of the Kaiser
Wilhelm Institute for Brain Research when she was only 28 years old; she later fled the Third Reich
and continued her work in the United Kingdom. During her long career, she studied epinephrine,
acetylcholine, and other neurotransmitters.
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Figure 2.111: Chemical molecules or neurotransmitters carry signals across the synapse (gap) be-
tween the end (axon) of one neuron and the beginning (dendrite) of the next neuron. Di↵erent
types of neurons produce and respond to di↵erent types of neurotransmitters, such as acetylcholine,
dopamine, histamine, and norepinephrine.
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Figure 2.112: Scientists from the German-speaking world who made significant contributions to
knowledge about neurotransmitters included Hermann Blaschko, Daniel Bovet, Edith Bülbring,
Wilhelm Feldberg, Bernard Katz, and Max Lewandowsky.
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Figure 2.113: Other scientists from the German-speaking world who made significant contributions
to knowledge about neurotransmitters included Otto Loewi, David Nachmansohn, and Marthe
Vogt.
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2.3.4 Animal Behavior

Several scientists from the German-speaking world made especially noteworthy contributions to
knowledge about animal behavior (Figs. 2.114–2.117):

• Carl Hagenbeck (German, 1844–1913) designed, patented, and built the first modern zoos,
giving the animals much larger and much more realistic environments and separating visiting
humans from the animals by height or unbridged gaps instead of bars or glass. He also spent
a great deal of his time studying and training animals, and his more natural, modern zoos
made animals available for others to study.

• Ernst Mayr (German, 1904–2005) spent decades studying bird behavior and bird evolution,
as well as the more general principles of evolution.

• Karl von Frisch (Austrian, 1886–1982) studied the behavior of bees, for which he won the
Nobel Prize in Physiology or Medicine in 1973.

• Erich von Holst (Baltic German, 1908–1962) studied the neuroscience and muscle movements
of birds, flying insects, worms, and other animals.

• Konrad Lorenz (Austrian, 1903–1989) monitored and analyzed the behavior of birds. For
that work, he won the Nobel Prize in Physiology or Medicine in 1973. Lorenz worked with
Tinbergen for part of his research.

• Konrad Most (German, 18??–19??) developed systematic methods for training police and
military dogs, and published them in his 1910 book, Abrichtung des Hundes, or Training of
Dogs [Burch and Pickel 1990].

• Carl Spitz (German, 1894–1976), one of Konrad Most’s students, moved to the United States,
where he trained “Toto” (real name Terry) for The Wizard of Oz, as well as other dogs
featured in films. Spitz also ran the U.S. program for training military dogs during World
War II [http://akc.libraryhost.com/repositories/2/archival objects/11098].

• Nikolaas Tinbergen (Dutch, 1907–1988) observed and tested the behavior of a wide variety
of animals, including birds, fish, and bees. For his discoveries, he won the Nobel Prize in
Physiology or Medicine in 1973. Tinbergen worked with Lorenz for part of his research.

Professor Börje Cronholm of the Karolinska Institute explained the importance of the work of von
Frisch, Tinbergen, and Lorenz [www.nobelprize.org/prizes/medicine/1973/ceremony-speech/]:

For more than sixty years: Karl von Frisch has devoted himself to studies of the very
complicated behavior of honeybees. Above all, he has elucidated what has rightly been
called ‘the language of bees’. When a bee has found flowers containing nectar, it performs
a special dance when returning to the hive. The dance informs the bees in the hive of
the existence of food, often also about the direction where the flowers will be found and
about the distance to them. The foraging bee is able to indicate the direction of the
food source in relation to the sun by means of analyzing polarized, ultraviolet light from
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the sky, light that is invisible to us. The honeybees do not learn, either to dance or to
understand the message of the dance. Both the dancing and the appropriate reactions
to it are genetically programmed behavior patterns.

Konrad Lorenz has studied among many other things the fixed action patterns of various
birds. His experiments with inexperienced animals, e.g. young birds from an incubator,
are of great importance in this context. In these young birds he observed behavior
patterns that could not reasonably have been learnt but were to be interpreted as being
genetically programmed. He also found that experiences of young animals during a
critical period could be decisive for their future development. Newborn ducks and geese
follow the first moving object that they catch sight of, and later on they will follow
those particular objects only. Normally, they will follow their mother, but they may be
seduced to follow almost any moving object or creature. This phenomenon has been
called ‘imprinting’.

While Konrad Lorenz has above all been a systematic observer of animal behavior,
Nikolaas Tinbergen has to a large extent tested various hypotheses by means of com-
prehensive, careful, and quite often ingenious experiments. Among other things, he has
used dummies to measure the strength of di↵erent key stimuli as regards their ability
to elicit corresponding fixed action patterns. He made the important observation that
‘supranormal’ stimuli eliciting more intense behavior than those of natural conditions,
may be produced by exaggerating certain characteristics.

The discoveries made by this year’s Nobel prize laureates were based on studies of in-
sects, fishes and birds and might thus seem to be of only minor importance for human
physiology or medicine. However, their discoveries have been a prerequisite for the com-
prehensive research that is now pursued also on mammals. Studies are devoted to the
existence of genetically programmed behavior patterns, their organization, maturation
and their elicitation by key stimuli. There are also studies concerning the importance
of specific experiences during critical periods for the normal development of the indi-
vidual. Research into the behavior of monkeys have demonstrated that serious and to a
large extent lasting behavior disturbances may be the result when a baby grows up in
isolation without contact with its mother and siblings or with adequate substitutes. An-
other important research field concerns the e↵ects of abnormal psychosocial situations
on the individual. They may lead not only to abnormal behavior but also to serious
somatic illness such as arterial hypertension and myocardial infarction. One important
conclusion is that the psychosocial situation of an individual cannot be too adverse to
its biological equipment without serious consequences. This holds true for all species,
also for that which in shameless vanity has baptized itself ‘Homo sapiens’.
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Figure 2.114: Carl Hagenbeck designed, patented, and built the first modern zoos, giving the animals
much larger and much more realistic environments and separating visiting humans from the animals
by height or unbridged gaps instead of bars or glass.
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Figure 2.115: Some scientists from the German-speaking world who made significant contributions
to knowledge about animal behavior included Ernst Mayr, Karl von Frisch, Nikolaas Tinbergen,
and Konrad Lorenz.
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Figure 2.116: Erich von Holst studied the neuroscience and muscle movements of birds, flying
insects, worms, and other animals.
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Figure 2.117: Konrad Most developed systematic methods for training police and military dogs,
and published them in his 1910 book, Training of Dogs. Carl Spitz, one of Most’s students, moved
to the United States, where he trained the dog that appeared as “Toto” for The Wizard of Oz and
U.S. military dogs during World War II.
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2.3.5 Circadian Rhythms

Scientists from the German-speaking world discovered and studied circadian rhythms, neural clocks
that tell an organism what time of day to be awake, even in the absence of a visible day and night
(Fig. 2.118):

• Jürgen Ascho↵ (German, 1913–1998) studied circadian rhythms in a wide variety of species,
including humans.

• Ingeborg Beling (German, 1904–1988) discovered circadian rhythms in bees.

• Erwin Bünning (German, 1906–1990), working with Hans Kalmus, discovered circadian rhythms
in fruit flies in 1935.

• Auguste Forel (Swiss, 1848–1931) discovered circadian rhythms in ants.

• Franz Halberg (Romanian/Austrian, 1919–2013) coined the term “circadian” in 1959 and
studied circadian rhythms in multiple species.

• Hans Kalmus (Austrian, 1906–1988), working with Erwin Bünning, discovered circadian
rhythms in fruit flies in 1935.

• Oskar Wahl (German?, 19??–19??) discovered circadian rhythms in bees.

2.3.6 Electroencephalography (EEG)

As shown in Figs. 2.119–2.120, scientists from the greater German-speaking world developed elec-
troencephalography (EEG):

• Hans Berger (German, 1873–1941) invented electroencephalography.

• Napoleon Cybulski (Polish, 1854–1919) and Adolf Beck (Polish/Austrian, 1863–1942) also
carried out early experiments in electroencephalography.

• Hans Helmut Kornhuber (1928–2009) and Lüder Deecke (1938–) discovered the Bereitschaftspo-
tential (readiness potential) using electroencephalography.
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Figure 2.118: Scientists from the German-speaking world who made significant contributions to
knowledge about circadian rhythms included Jürgen Ascho↵, Ingeborg Beling, Erwin Bünning,
Auguste Forel, Franz Halberg, Hans Kalmus, and Oskar Wahl.
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Figure 2.119: Scientists from the German-speaking world who helped to develop electroencephalog-
raphy (EEG) included Hans Berger, Napoleon Cybulski, and Adolf Beck.
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Figure 2.120: Hans Helmut Kornhuber and Lüder Deecke discovered the Bereitschaftspotential
(readiness potential) using electroencephalography.
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2.3.7 Neuropathology and Neuropsychiatry

Creators from the German-speaking world made numerous and profound contributions to neu-
ropathology and neuropsychiatry, including the discovery and diagnosis of dyslexia, autism and
Asperger’s syndrome, Alzheimer’s disease, and other aspects (Figs. 2.121–2.123).

A. Dyslexia

The physician Adolf Kussmaul (German, 1822–1902) discovered dyslexia in 1877; he called it Wort-
blindheit, or word-blindness. He also demonstrated the anti-inflammatory e↵ects of acetanilide (p.
267) and made numerous other medical discoveries (p. 399).

Apparently quite independently, another physician, Oswald Berkhan (German, 1834–1917), (re)discovered
dyslexia in 1881.

Rudolf Berlin (German, 1833–1897), an ophthalmologist, coined the name dyslexia in 1887 and
studied patients with the condition.

B. Autism and Asperger’s syndrome

Eugen Bleuler (Swiss, 1857–1939) was a psychiatrist who studied a wide range of conditions and
coined the terms schizophrenia (1908) and autism (1910). He defined autism in terms of apparent
psychological withdrawal from the world.

Leo Kanner (Austrian, 1894–1981) was a psychiatrist and physician who studied and worked in
Germany, then moved to the United States in the 1920s. In 1938, he began studying autistic
children, and he published a detailed report on childhood autism in 1943.

Hans Asperger (Austrian, 1906–1980), a pediatric physician, diagnosed and extensively studied
Asperger’s syndrome and autism beginning in the 1930s. He published numerous papers on the
subject from 1938 onward. Kanner and Asperger appear to have worked entirely independently; it
is unclear whether one influenced the other.

C. Alzheimer’s disease

Alzheimer’s disease, which kills neurons and leaves protein plaques in the cerebral cortex (Fig.
2.122), was first identified in 1901 by observations of a patient with an early-onset form of the
disease: Auguste Deter (German, 1850–1906).

The psychiatrists Alois Alzheimer (German, 1864–1915, after whom the disease is named) and
Emil Kraepelin (German, 1856–1926) studied Deter while she was alive and discovered the protein
plaques in her brain after she died.

Alzheimer also studied other dementia patients, and Kraepelin separately made important discov-
eries regarding manic depression and schizophrenia.
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D. Other discoveries in neuropathology and neuropsychiatry

Wilhelm Erb (German, 1840–1921) made innovative discoveries related to a number of areas of
neuropathology, including myasthenia gravis, progressive muscular atrophy, spinal paralysis, the
e↵ects of polio, the e↵ects of syphilis, electrodiagnostics, and electrotherapeutics.

Edward Flatau (Polish, worked in Germany, 1868–1932) studied meningitis, migraines, and other
types of neuropathologies.

Nikolaus Friedreich (German, 1825–1882) identified Friedreich’s ataxia, an inherited neurodegener-
ative disease, in 1863.

Franz Josef Kallmann (German, 1897–1965) studied the e↵ects of heredity vs. environment in the
pathogenesis of neural diseases.

Richard Lindenberg (German, 1911–1992) was an expert on neuropathology, came to the United
States as part of Operation Paperclip, and was called upon to examine the bullet wound in John
F. Kennedy’s head after his assassination.

Franz Nissl (German, 1860–1919) developed the Nissl staining method for labeling neurons on
microscope slides in order to identify neuropathologies.
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Figure 2.121: Adolf Kussmaul, Oswald Berkhan, and Rudolf Berlin discovered and studied dyslexia.
Eugen Bleuler, Leo Kanner, and Hans Asperger discovered and studied autism and Asperger’s
syndrome.



262 CHAPTER 2. CREATORS AND CREATIONS IN BIOLOGY AND MEDICINE

Figure 2.122: Alois Alzheimer and Emil Kraepelin discovered and studied Alzheimer’s disease.
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Figure 2.123: Some other creators who made significant contributions to knowledge about neu-
ropathology and neuropsychiatry included Wilhelm Erb, Edward Flatau, Nikolaus Friedreich, Franz
Josef Kallmann, Richard Lindenberg, and Franz Nissl.
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2.3.8 Psychology and Psychotherapy

Although this book does not attempt to properly cover the social sciences such as psychology (due
to length constraints), it is impossible to resist mentioning at least a few of the most important
German-speaking developers of psychology and psychotherapy (Figs. 2.124–2.125):

• Wilhelm Wundt (German, 1832–1920) is generally regarded as the founder of experimental
psychology. He examined patients and conducted experiments in a wide variety of areas, in-
cluding learning, reaction times, and sensory perception. He trained many younger experimen-
tal psychologists in his laboratory (Fig. 2.124). He also wrote a highly influential three-volume
survey of physiological psychology and a ten-volume work on cultural psychology.

• Ludwig Wilhelm Stern (German, 1871–1938) devised the intelligence quotient (IQ) and also
made major contributions to developmental child psychology, di↵erential psychology, forensic
psychology, and other areas.

• Josef Breuer (Austrian, 1842–1925) developed psychotherapy or the “talking cure” in the
1880s while working with his most famous patient, whom he referred to as “Anna O.” (actually
Bertha Pappenheim, Austrian, 1859–1936).

• Sigmund Freud (Austrian, 1856–1939) first collaborated with and was later estranged from
Joseph Breuer. He adopted the idea of psychotherapy from Breuer and greatly extended and
popularized it.

• Carl Jung (Swiss, 1875–1961) initially collaborated with and later quarreled with Freud. He
pursued psychotherapy but also developed his own ideas about the collective unconscious,
biologically innate or culturally inspired ideas and feelings that are generally unspoken yet
shared by many people within a group.

• Hermann Rorschach (Swiss, 1884–1922) combined his interests in psychiatry and art to create
his now-famous inkblot test, which evaluates what subconscious ideas patients most readily
identify with a series of abstract images. He wrote a textbook on psychodiagnostics and may
well have achieved even more if he had not died at age 37 from a ruptured appendix.
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Figure 2.124: Creators who helped to develop psychology and psychotherapy included Wilhelm
Wundt, Ludwig Wilhelm Stern, and Hermann Rorschach.
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Figure 2.125: Creators who helped to develop psychology and psychotherapy included Josef Breuer,
Sigmund Freud (with his famous sofa for patients, also shown), and Carl Jung.
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2.3.9 Analgesics and Anesthetics

German-speaking scientists developed a wide range of neural-related drugs and treatments, in-
cluding opioids, non-steroidal anti-inflammatory drugs, local and general anesthetics, barbiturates,
benzodiazepines, psychoactive drugs, and electroconvulsive therapy.21

While the use of natural opium goes back thousands of years, opioid drug molecules were developed
by German-speaking scientists in the nineteenth and early twentieth centuries (Figs. 2.126–2.127):

• Friedrich Sertürner (German states, 1783–1841) purified and identified morphine in 1804.

• Max Bockmühl (German, 1882–1949) and Gustav Ehrhart (German, 1894–1971) created
methadone and over 300 other synthetic opioids.

• Heinrich Dreser (German, 1860–1924) and Felix Ho↵mann (German, 1868–1946) synthesized
and demonstrated heroin and codeine.

Many major non-steroidal anti-inflammatory drugs (NSAIDs) also came from German-speaking
scientists (Figs. 2.127–2.129):

• Ludwig Knorr (German, 1859–1921) created an aspirin-like non-steroidal anti-inflammatory
drug called phenazone in 1887.

• Friedrich Carl Duisberg (German, 1861–1935), the head of research at the Friedrich Bayer
company, initiated and managed the search for fever-reducing drugs, leading to the discovery
and production of aspirin in 1897.

• Arthur Eichengrün (German, 1867–1949) was in charge of the chemical synthesis group that
produced aspirin, as well as a silver protein stain/antibiotic and other novel drugs.

• Felix Ho↵mann (German, 1868–1946) worked with Eichengrün to synthesize aspirin and other
drug molecules.

• Heinrich Dreser (German, 1860–1924) was in charge of the pharmacology testing group that
demonstrated the e�cacy of aspirin, codeine, and other drugs.

• Charles Frédéric Gerhardt (German states, 1816–1856) synthesized acetanilide (later known
as Antifebrin) in 1843. It was derived from aniline dyes and was the first example of the class
of drugs that ultimately included paracetamol (acetaminophen).

• In 1886, Adolf Kussmaul (German, 1822–1902), Arnold Cahn (German?, 18??–??), and Paul
Hepp (German?, 18??–??) demonstrated the e�cacy of acetanilide (Antifebrin) in humans.

• Joseph von Mering (German, 1849–1908) synthesized and demonstrated paracetamol (ac-
etaminophen) and the closely related phenacetin (acetophenetidin) sometime prior to 1887.

• Harmon Northrop Morse (American but educated in Germany, 1848–1920) also synthesized
paracetamol or acetaminophen but apparently did not pursue it further.

21Gedeon 2006; Jahn 2004; Je↵reys 2004; Junker 2004; Koesling and Schülke 2010; Kohler 2008; Magner 2002;
Ohler 2017; Possehl 1989; Raviña and Kubinyi 2011; Schnalke and Atzl 2010; Schneider 1972; von Schwerin 2013;
Sneader 2005; Verg 1988; Weatherall 1991.
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German-speaking creators played important roles in the development of local and general anesthet-
ics (Figs. 2.130):

• In the early 1880s, Carl Koller (Austrian, 1857–1944) tested cocaine and other substances as
anesthetics for eye surgery.

• Alfred Einhorn (German, 1856–1917) developed Procaine/Novocain in 1905.

• Heinrich Braun (German, 1862–1934) also helped to develop Procaine/Novocain, as well as
other local and general anesthetics in the early 1900s.

Barbiturate drugs can be used as sedatives or hypnotics for inducing relaxation or sleep, anticonvul-
sants for treating seizures, or general anesthetics for surgery. German-speaking creators developed
and demonstrated the first barbiturates such as barbital/Veronal and phenobarbital/Luminal (Fig.
2.131):

• In 1864, Adolf von Baeyer (German, 1835–1917) synthesized barbituric acid, the parent com-
pound of the barbiturate family.

• In 1882, Max Guthzeit (German, 1847–1915) and Max Conrad (German, 1848–1920) synthe-
sized small quantities of barbital, a derivative of barbituric acid, but apparently did not study
it further.

• Franz Joseph Emil Fischer (German, 1877–1947) and Alfred Dilthey (German, 1877–1915)
synthesized large quantities of barbital in 1902 and phenobarbital in 1904.

• Joseph von Mering (German, 1849–1908) demonstrated the sedative and hypnotic e↵ects of
barbital in 1902 and phenobarbital in 1904.

• In 1912, Alfred Hauptmann (German, 1881–1948) discovered that phenobarbital could be
used as an anticonvulsant to treat or prevent epileptic seizures.

[See also FIAT 914.]

In the 1950s, Leo Sternbach (Austrian, 1908–2005) developed benzodiazepine tranquilizers such as
chlordiazepoxide/Librium, diazepam/Valium, flunitrazepam/Rohypnol, and many others. See Fig.
2.132.

The German-speaking world was important in the development of psychoactive drugs (Fig. 2.133):

• Albert Hofmann (Swiss, 1906–2008) synthesized lysergic acid diethylamide (LSD) in 1938 and
studied its psychedelic properties in the early 1940s.

• Lazăr Edeleanu (Romanian but worked in Germany, 1861–1941) synthesized amphetamine in
1887. Methamphetamine, a more potent derivative, was packaged as Pervitin and used as a
stimulant by German troops during World War II.
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Creators who developed electrostimulation and electroconvulsive therapy included:

• Gustav Fritsch (German, 1838–1927, Fig. 2.104) and Eduard Hitzig (German, 1838–1907, Fig.
2.105) demonstrated the e↵ects of electrical stimulation in the brains of dogs.

• Jacques Loeb (German, 1859–1924, Fig. 2.105) also applied electrical stimulation to localized
areas of dogs’ brains.

• Oskar Vogt (German, 1870–1959, Fig. 2.106) and Cécile Vogt-Mugnier (French but worked in
Germany, 1875–1962, Fig. 2.106) conducted experiments to study the e↵ects of electrostimu-
lation of the brain.

• Walter Hess (Swiss, 1881–1973, Fig. 2.104) studied electrostimulation in the brains of cats
and other subjects.

• Ladislas Meduna (Hungarian, 1896–1964, Fig. 2.134) tested metrazol and other drugs to
induce convulsions in psychiatric patients for therapeutic purposes.

• Ugo Cerletti (Italian but studied in Germany, 1877–1963, Fig. 2.134) demonstrated and pop-
ularized electroconvulsive therapy.

• Friedrich Meggendorfer (German, 1880–1953, Fig. 2.134) also prominently demonstrated elec-
troconvulsive therapy.
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Figure 2.126: Scientists from the German-speaking world who helped to develop opioid drugs in-
cluded Friedrich Sertürner, Max Bockmühl, and Gustav Ehrhart.
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Figure 2.127: Scientists from the German-speaking world who helped to develop nonsteroidal
anti-inflammatory drugs (NSAIDs) included Heinrich Dreser, Felix Ho↵mann, Arthur Eichengrün,
Friedrich Carl Duisberg, and Ludwig Knorr. Dreser and Ho↵mann also helped to develop opioid
drugs.
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Figure 2.128: Heinrich Dreser (second from right) and others in Bayer laboratory (1897).
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Figure 2.129: Paracetamol (acetaminophen) and the closely related drugs acetanilide (Antifebrin)
and phenacetin (acetophenetidin) were first synthesized and tested by Charles Gerhardt, Adolf
Kussmaul, Arnold Cahn, Paul Hepp, Joseph von Mering, and Harmon Morse.
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Figure 2.130: Scientists from the German-speaking world who helped to develop anesthetics such
as procaine/novocain included Carl Koller, Alfred Einhorn, and Heinrich Braun.
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Figure 2.131: Creators who developed barbiturates such as barbital/Veronal and phenobarbi-
tal/Luminal included Adolf von Baeyer, Max Guthzeit, Max Conrad, Joseph von Mering, Franz
Joseph Emil Fischer, Alfred Dilthey, and Alfred Hauptmann.
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Figure 2.132: In the 1950s, Leo Sternbach developed benzodiazepine tranquilizers such as chlor-
diazepoxide/Librium, diazepam/Valium, flunitrazepam/Rohypnol, and many others.



2.3. NEUROSCIENCE 277

Figure 2.133: Scientists from the German-speaking world who helped to develop psychoactive drugs
included Albert Hofmann and Lazăr Edeleanu.
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Figure 2.134: Scientists who helped to develop electroconvulsive therapy (ECT) included Ladislas
Meduna, Ugo Cerletti, and Friedrich Meggendorfer.
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2.3.10 Vision

Figures 2.135–2.136 show the anatomy of the eye and the retina at the back of the eye. The retina
contains three di↵erent types of cone cells to detect colored light (red, green, and blue), and also
rod cells that are more sensitive but cannot distinguish colors (only black and white, but they are
important for vision in dim light).

A large number of scientists from the German-speaking world made important discoveries regarding
vision (Figs. 2.137–2.143).

In 1583, Felix Platter (Swiss, 1536–1614) conducted experiments on image formation with the lens
of the eye.

In 1604, Johannes Kepler (Weil der Stadt, 1571–1630) provided the theoretical explanation for
image formation on the retina by the lens of the eye.

In 1619, Chrisoph Scheiner (German states, 1575–1650) carried out detailed experiments demon-
strating image formation on the retina by the lens of the eye.

In 1674, Antonie van Leeuwenhoek (Dutch, 1632–1723) conducted the first examination of struc-
tures in the eye with a microscope.

In his 1747 Primae lineae physiologiae [Primer of Physiology], Albrecht von Haller (Swiss, 1708–
1777) proposed a general theoretical framework for how the eyes and brain process visual signals.

Johann Gottfried Zinn (German states, 1727–1759) published the first book on the detailed anatomy
of the human eye, Descriptio anatomica oculi humani [Anatomical Description of the Human Eye],
in 1765.

Johann Wolfgang von Goethe (German states, 1749–1832) carried out considerable experimental
and theoretical work on the human perception of colors.

In 1791, Samuel Thomas von Sömmerring (German states, 1755–1830) discovered the macula lutea
and the fovea in the retina.

Franz Joseph Gall (German states, 1758–1828) and Johann Spurzheim (German states, 1776–1832)
described the connections from the eye to parts of the brain—the lateral geniculate nucleus and
the superior colliculus in the midbrain—in 1809.

Karl Friedrich Burdach (German states, 1776–1847) studied the visual connections to the lateral
geniculate nucleus and the superior colliculus in more detail in 1822.

Jakob Henle (German, 1809–1885) and Theodor Meynert (German/Austrian, 1833–1892) later
confirmed the discoveries of Gall, Spurzheim, and Burdach regarding the connections to the lateral
geniculate nucleus and the superior colliculus.

In the 1820s, Johann Purkinje (Austrian/Czech, 1787–1869) conducted a wide variety of experi-
ments on vision and on factors that influence it.
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In 1828, Gottfried Treviranus (German states, 1776–1837) discovered the rod photoreceptor cells
in the retina.

Alfred Wilhelm Volkmann (German, 1801–1877) studied the neural connections of the visual sys-
tem.

August Seebeck (German states, 1805–1849) conducted detailed studies of color blindness in 1837.

Johannes Peter Müller (German states, 1801–1858) gave a written description of the microscopic
structure of the retina in 1838.

In 1839, Friedrich Heinrich Bidder (Baltic German, 1810–1894) realized that the retina is “back-
wards,” with light having to pass through several layers of other cells to reach the photoreceptor
cells.

In 1840, Heinrich Müller (German states, 1820–1864) identified the di↵erent layers of cells within
the retina.

In 1851, Hermann von Helmholtz (German, 1821–1894) invented the ophthalmoscope to exam-
ine the inside of the eye; ophthalmoscopes have been widely used ever since. Von Helmholtz also
conducted numerous experiments on color vision, depth perception, and motion perception. His
Handbuch der Physiologischen Optik [Handbook of Physiological Optics] (1867) remained an impor-
tant reference work for nearly a century.

In 1852, Rudolf Albert von Kölliker (Swiss, 1817–1905) discovered cone photoreceptor cells in the
retina. Heinrich Müller confirmed that discovery in 1856.

In the 1850s, Albrecht von Gräfe (Prussian, 1828–1870) conducted detailed tests of the visual fields
and described visual defects due to damage in certain parts of the brain.

In 1865, Hermann Rudolph Aubert (German, 1826–1892) published a book explaining that visual
acuity and color discrimination are greatest at the center of the retina and decrease toward the
edges of the retina.

In 1866, Max Schultze (German, 1825–1874) realized that cones provide color vision and rods
provide black-and-white night vision.

Franz Christian Boll (German, 1849–1879) discovered rhodopsin, the light-detecting molecule in
photoreceptor cells, in 1876.

In 1877, Wilhelm Kühne (German, 1837–1900) and Carl Anton Ewald (German, 1845–1915) con-
firmed the presence of rhodopsin in human photoreceptor cells.

Beginning in 1874, Paul Flechsig (German, 1847–1929) studied the visual processing areas of the
brain.

Hermann Munk (German, 1839–1912) discovered the visual area of the occipital cortex at the back
of the brain in 1878.
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Hermann Wilbrand (German, 1851–1935) confirmed the location of the visual area in the occipital
cortex in 1881.

August Leopold von Reuss (Austrian, 1841–1924) developed and extensively used tests for color
blindness, and also measured the curvature of the cornea.

In the 1870s, Karl Ewald Hering (German, 1834–1918) proposed detailed theoretical explanations
of color vision.

In 1881, Franciscus Donders (Dutch, 1818–1889) also presented a detailed explanation of color
vision.

Ludwig Mauthner (Austrian, 1840–1894) made numerous contributions to knowledge about the
eye, eye surgery, and the visual areas of the brain.

Constantin von Monakow (Russian, studied and worked in Switzerland, 1853–1930) conducted
experimental studies of the visual areas of the brain.

In 1884, Jacques Loeb (German, 1859–1924) applied electrical stimulation to localized areas of
dogs’ brains to study the visual cortex.

In 1890, Adolf Beck (Polish/Austrian, 1863–1942) placed electrodes in rabbits’ and dogs’ brains to
measure the electrical signals that were stimulated in the occipital lobe by bright lights.

Arthur König (German, 1856–1901) measured the light absorption characteristics of rhodopsin
molecules in 1894.

Mieczyls law Minkowski (Polish/Swiss, 1884–1972) studied in detail the connections from the eyes
to the lateral geniculate nucleus in the brain.

In the 1920s, Erwin Schrödinger (Austrian, 1887–1961) made detailed theoretical studies of color
vision, including the quantum physics of the molecular detection of light of di↵erent wavelengths.

Creators who made important advances in eye surgery included (Fig. 2.144):

• Georg Beer (Austrian, 1763–1821) pioneered cataract surgery.

• Albrecht von Gräfe (Prussian, 1828–1870) developed treatments for glaucoma and cataracts.

• Carl Koller (Austrian, 1857–1944) also worked on glaucoma and cataract therapies.

• Gerhard Meyer-Schwickerath (German, 1920–1992) invented photocoagulation to treat retinal
detachment.

Eye charts to measure visual acuity were developed by (Fig. 2.145):

• Heinrich Küchler (German, 1811–1873), who created the first eye charts using symbols.
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• Eduard Jäger von Jaxtthal (Austrian, 1818–1884), who developed improved eye charts and
also discovered diabetic retinopathy.

• Herman Snellen (Dutch, 1834–1908), who further improved and finalized eye charts.

Scientists from the greater German-speaking world also developed modern corrective lenses for
vision (Fig. 2.146):

• Franciscus Donders (Dutch, 1818–1889) made the first eyeglass lenses for astigmatism in 1860.

• Adolf Gaston Eugen Fick (German, 1852–1937) invented glass contact lenses in 1888.

• Heinrich Wöhlk (German, 1913–1991) created plastic contact lenses in 1940.

• Otto Wichterle (Moravian, 1913–1998) and Drahoslav Ĺım (Czech, 1925–2003) developed soft
contact lenses in the 1950s.
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Figure 2.135: The anatomy of the eye.
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Figure 2.136: In the eye, the retina contains three di↵erent types of cone cells to detect colored
light (red, green, and blue), and also rod cells that are more sensitive but cannot distinguish colors
(only black and white).
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Figure 2.137: Creators who made important discoveries regarding vision included Hermann Rudolph
Aubert, Adolf Beck, Friedrich Heinrich Bidder, Franz Christian Boll, Karl Friedrich Burdach, and
Franciscus Donders.
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Figure 2.138: Other creators who made important discoveries regarding vision included Carl Anton
Ewald, Paul Flechsig, Franz Joseph Gall, Johann Wolfgang von Goethe, Albrecht von Gräfe, and
Albrecht von Haller.
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Figure 2.139: Other creators who made important discoveries regarding vision included Hermann
von Helmholtz, Jakob Henle, Karl Ewald Hering, Johannes Kepler, Rudolf Albert von Kölliker, and
Arthur König.
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Figure 2.140: Other creators who made important discoveries regarding vision included Wil-
helm Kühne, Antonie van Leeuwenhoek, Jacques Loeb, Ludwig Mauthner, Theodor Meynert, and
Mieczyls law Minkowski.
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Figure 2.141: Other creators who made important discoveries regarding vision included Constantin
von Monakow, Heinrich Müller, Johannes Peter Müller, Hermann Munk, Felix Platter, and Johann
Purkinje.
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Figure 2.142: Other creators who made important discoveries regarding vision included August
Leopold von Reuss, Chrisopher Scheiner, Erwin Schrödinger, Max Schultze, August Seebeck, and
Samuel Thomas von Sömmerring.
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Figure 2.143: Other creators who made important discoveries regarding vision included Johann
Spurzheim, Gottfried Treviranus, Alfred Wilhelm Volkmann, Hermann Wilbrand, and Johann Got-
tfried Zinn.
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Figure 2.144: Scientists from the German-speaking world who made important advances in eye
surgery included Georg Beer, Albrecht von Gräfe, Carl Koller, and Gerhard Meyer-Schwickerath.
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Figure 2.145: Heinrich Küchler, Eduard Jäger von Jaxtthal, and Herman Snellen developed eye
charts for measuring visual acuity.
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Figure 2.146: Scientists from the German-speaking world who helped to develop corrective lenses
for vision included Franciscus Donders, Adolf Gaston Eugen Fick, Heinrich Wöhlk, Otto Wichterle,
and Drahoslav Ĺım.
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2.3.11 Hearing and Balance

As shown in Fig. 2.147, di↵erent structures in the ear provide both the sense of hearing and the
sense of balance.

Hearing

Much of the earliest scientific work on ear anatomy was conducted by Italian physicians from the
Renaissance and thereafter (perhaps because this area was at the intersection of Renaissance Italy’s
keen interests in both music and anatomy). However, later scientific work on hearing shifted steadily
to the German-speaking world. Creators from the German-speaking world who made important
contributions to knowledge about the sense of hearing are shown in Figs. 2.148–2.152.

In 1605, Kaspar Bauhin (Swiss, 1560–1624) proposed that varying cavity sizes within the ear could
act as selective resonators to allow di↵erent parts of the ear to detect di↵erent frequencies of sound
waves. That hypothesis later proved to be correct for the cochlea.

Théophile Bonet (Swiss, 1620–1689) conducted or reviewed over 3000 autopsies and reported that
hearing loss could be caused by damage to small ossicles, by brain tumors, and by other factors
a↵ecting the ear and auditory parts of the brain.

Johannes Bohn (German states, 1640–1718) and Günther Christoph Schelhammer (German states,
1649–1716) separately and correctly realized that sound waves must be transferred from the air to
other media in the ear in order to be detected.

Albrecht von Haller (Swiss, 1708–1777) proposed that varying cavity sizes within the cochlea in
particular could act as selective resonators to allow di↵erent parts of the cochlea to detect di↵erent
frequencies. He also traced the path of nerves from the ear to regions of the brain.

Rudolf Albert von Kölliker (Swiss, 1817–1905) traced nerve connections between the ear and the
brain.

Heinrich Adolf Rinne (German states, 1819–1868) studied the processes by which complex sounds
are detected by the ear, transmitted through nerves, and reconstructed in the brain.

Friedrich Eduard Rudolf Voltolini (German, 1819–1889) studied the responses of hair cells to sound
waves of di↵erent frequencies and di↵erent amplitudes.

Hermann von Helmholtz (German, 1821–1894) conducted experimental and theoretical work to
demonstrate in detail how varying cavity sizes within the cochlea could act as selective resonators
to allow di↵erent parts of the cochlea to detect di↵erent frequencies.

In 1851, Ernst Heinrich Weber (German, 1795–1878) correctly analyzed, synthesized, and reported
all the available information to date on how sound waves were transmitted through air, the ear
drum, the ossicles, and the fluid in the cochlea in order to be detected.

Also in 1851, Ernst Reissner (Baltic German, 1824–1878) discovered the membrane in the cochlea
that is now called Reissner’s membrane. In addition, he studied the development of the ear in
animal embryos.

In 1858, Max Schultze (German, 1825–1874) traced the auditory nerve fibers to hair cell regions of
the cochlea.
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Otto Friedrich Karl Deiters (German states, 1834–1863), Paul Flechsig (German, 1847–1929), Con-
stantin von Monakow (Russian, studied and worked in Switzerland, 1853–1930), Hans Held (Ger-
man, 1866–1942), and Stjepan Poljak/Stephen Polyak (Austrian/Croatian, 1889–1955) worked in-
dividually to trace in detail the nerve connections between the ear and the brain.

Christian Andreas Victor Hensen (German, 1835–1924) discovered what is now called Hensen’s
duct or canal in the ear. He also measured vibrations in the membrane of the cochlea.

In 1864, Adam Politzer (Austrian, 1835–1920) made automated chart recordings of vibrations in
the ossicles induced by sound waves.

Ernst Mach (Austrian, 1838–1916) studied several aspects of the ear, hearing, and sound waves,
including conducting experiments on how the brain can focus on particular sounds or voices out of
many simultaneous ones.

Hermann Munk (German, 1839–1912) conducted experiments on the regions of the brain that
analyze signals from the ears. Adolf Beck (Polish/Austrian, 1863–1942) placed electrodes in dogs’
brains to measure the electrical signals that were stimulated by sounds that the dogs heard.

Carl Hasse (German, 1841–1922), Ernst Julius Richard Ewald (German, 1855–1921), and Max
Friedrich Meyer (German, 1873–1967) separately conducted experiments to study how the mem-
brane and hair cells of the cochlea detect di↵erent frequencies and amplitudes of sound waves.

Beginning in 1890, J. Habermann (German?, 18??–19??) conducted human autopsies to identify
the mechanisms by which loud sounds cause hearing damage. In 1907, Karl Wittmaack (German,
1876–1972) used guinea pigs to confirm the mechanisms of hearing damage by loud sounds.

Georg von Békésy (Hungarian, 1899–1972) used strobe photography to study cochlear function in
great detail. For that work, he won the Nobel Prize in Physiology or Medicine in 1961. Professor
C.G. Bernhard of the Royal Caroline Institute explained von Békésy’s research
[www.nobelprize.org/prizes/medicine/1961/ceremony-speech/]:

Von Békésy has provided us with the knowledge of the physical events at all strategi-
cally important points in the transmission system of the ear. This does not mean that
the properties of the oscillating systems of the ear have not been an object of study
and theoretical considerations by scientists before von Békésy. The field of physiolog-
ical acoustics has a noble ancestry, in which the theories of von Helmholtz hold an
authoritative position.

Von Békésy’s distinction is, however, to have recorded the events in this fragile biological
miniature system. Authorities in this field evaluate the elaborate technique which he
developed for this purpose as being worthy of a genius. By microdissection he reaches
anatomical structures di�cult of access, uses advanced teletechnique for stimulation and
recording, and employs high magnification stroboscopic microscopy for making apparent
complex membrane movements, the amplitudes of which are measured in thousandths
of the millimeter.

Among von Békésy’s important contributions to our knowledge of sound transmission
in the middle ear should be mentioned the elucidation of the vibration patterns of the
eardrum and of the interplay of the ossicle movements. His technical and theoretical
mastery has reached its peak in those investigations which led to the fundamental
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discoveries concerning the dynamics of the inner ear. Experimental and clinical data had
confirmed von Helmholtz’s assumption that the frequency of the sound waves determines
the location along the basilar membrane at which stimulation occurs. The physical
characteristics of the pattern of the membrane vibrations and the conditions for its
appearance had, however, previously only been the object of theoretical considerations.
Von Békésy succeeded in unveiling the features of the vibration pattern. He found that
movements of the stirrup footplate evoke a wave complex in the basilar membrane,
which travels from the sti↵er basal part to the more flexible part in the apex of the
cochlea. The crest of the largest wave first increases, thereafter quickly decreases. The
position of the maximal amplitude was found to be dependent on the frequency of the
stimulating sound waves in such a way that the highest crest of the travelling wave
appears near the apex of the cochlea at low-frequency tones and near its base at high
frequencies. The conditions for the appearance of these specific vibration patterns were
determined in model experiments.

Von Békésy then turned to the question of how the hair cells are stimulated. With a
thin needle, the point of which touched the basilar membrane, di↵erent parts of the
membrane could be set in vibrations in various directions. The point of the needle
simultaneously served as an electrode for recording the electrical potentials from the
receptor cells. It was found that a local pressure on the basilar membrane is transformed
into strong shearing forces which act on the hair cells in various degrees.

Thus, von Békésy has given us a clear picture of how the cochlea functions mechanically
and his discoveries serve as a basis for our conception of the cochlea as a frequency
analyzer.

We have now reached the last strategic point of the system, that is to say the point at
which the mechanical energy is transformed into the physicochemical processes which
result in nerve impulses. As in the case of other sense organs, the knowledge about the
electrical processes in the inner ear constitutes the foundation for further research. Von
Békésy has discovered, on the one hand, the so-called endocochlear potential indicating
the existence of a large potential di↵erence over the receptor membrane at rest and,
on the other hand, slow potential shifts taking place upon stimulation of the hair cells.
These discoveries contribute most significantly to the analysis of the relation between
the mechanical and the electrical phenomena in the receptors which are involved in the
transformation of sound into nerve impulses.

The work of von Békésy has greatly influenced the development of audiology and its
clinical application. Thus, the development of refined diagnostic methods has made
possible great advances in the treatment of diseases of the ear.

Karl Eberhard Zwicker (German, 1924–1990) investigated how the brain analyzes sounds, and he
also conducted further studies of cochlear function.

German-speaking scientists also invented electric hearing aids, as shown in Fig. 2.153. Werner von
Siemens invented the first (non-portable) hearing aid in 1878. At the Siemens company, Louis Weber
invented the first compact portable hearing aid in 1911. The development of microelectronics by
German-speaking scientists (Appendix B) ultimately allowed hearing aids to be reduced in size to
fit entirely within the ear.
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Figure 2.147: Di↵erent structures in the ear provide both the sense of hearing and the sense of
balance.
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Figure 2.148: Creators who made important contributions to knowledge about the sense of hearing
included Kaspar Bauhin, Adolf Beck, Georg von Békésy, Johannes Bohn, Théophile Bonet, and
Otto Deiters.
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Figure 2.149: Creators who made important contributions to knowledge about the sense of hearing
included Ernst Ewald, Paul Flechsig, J. Habermann, Albrecht von Haller, Carl Hasse, and Hans
Held.
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Figure 2.150: Creators who made important contributions to knowledge about the sense of hearing
included Hermann von Helmholtz, Christian Andreas Victor Hensen, Rudolf Albert von Kölliker,
Ernst Mach, Max Friedrich Meyer, and Constantin von Monakow.
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Figure 2.151: Creators who made important contributions to knowledge about the sense of hearing
included Hermann Munk, Adam Politzer, Stjepan Poljak, Ernst Reissner, Heinrich Adolf Rinne,
and Günther Christoph Schelhammer.
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Figure 2.152: Creators who made important contributions to knowledge about the sense of hearing
included Max Schultze, Friedrich Eduard Rudolf Voltolini, Ernst Heinrich Weber, Karl Wittmaack,
and Karl Eberhard Zwicker.
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Figure 2.153: Werner von Siemens invented the first (non-portable) hearing aid in 1878. At the
Siemens company, Louis Weber invented the first compact portable hearing aid in 1911.
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Balance

As shown in Fig. 2.154, major discoveries regarding the sense of balance or vestibular system were
entirely dominated by creators from the German-speaking world.

In 1870, Friedrich Goltz (German, 1834–1902) discovered that the semicircular canals in the inner
ear sense balance and position and transmit that information to the brain.

In 1873, Ernst Mach (Austrian, 1838–1916) and Josef Breuer (Austrian, 1842–1925), working in-
dependently of each other, both determined how fluid motion in the semicircular canals detects
balance and position.

Ernst Julius Richard Ewald (German, 1855–1921) conducted experiments on the semicircular canals
of pigeons to study the details of their fluid flow and detection.

Róbert Bárány (Austro-Hungarian, 1876–1936) measured the e↵ects of temperature on fluid flow
and thus sensation in the semicircular canals of human patients. For that research, he won the
Nobel Prize in Physiology or Medicine in 1914. Professor G. Holmgren of the Caroline Institute
praised Bárány’s research as well as the earlier discoveries of Breuer and Ewald
[www.nobelprize.org/prizes/medicine/1914/press-release/]:

Later, a number of physiologists, especially Breuer and Ewald, studied the physiology
of the inner ear and increased our knowledge of it in a high degree. Otologists also
made daily observations in this field without, however, appreciating their significance
and adapting them to the service of otology.

After Bárány, in May 1905, had communicated his observations on caloric nystagmus to
the Austrian Otological Society, there followed during the next ten years a tremendous,
almost revolutionary development of otology, in which Bárány’s work was both the
foundation and the central theme; many other research workers also contributed, in
particular the younger generation of otologists in Vienna (Alexander, Neumann, Ruttin
and others).

The starting-point of the work appeared, at first, to be quite simple. For a long time
otologists had been aware that the syringing of a patient’s ears often caused dizziness—
some doctors had even observed nystagmus. But it was not known by what agency this
came about or which organ released the phenomenon. Bárány made a systematic study
of the question and found that syringing of the ear regularly produced nystagmus of a
certain type. This nystagmus was connected with a feeling of giddiness. The explanation
came to him quite by chance. A patient whose ears he was syringing said to him one
day that he experienced a strong sensation of vertigo when the syringing water was too
cold. Bárány then used very warm fluid in the syringe and the patient again complained
of severe vertigo. Bárány noted the appearance of nystagmus here too, but its direction
was the exact opposite to the one previously observed. The explanation was now clear.
The decisive factor was the temperature of the syringing fluid and it was soon also clear
that the phenomenon, the so-called caloric reaction, proceeded from the semi-circular
canals, in which the endolymph increases in specific gravity with cooling, showing a
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tendency to sink, whereas with warming the specific gravity decreases and the fluid
shows a tendency to rise. The flux, or tendency to flux, which then appears in the
endolymph of the semi-circular canals produces the reaction. [...]

Bárány also studied systematically the other vestibular reactions. He provided an ex-
planation for the vestibular phenomena occurring after rotation which was in sharp
contrast to what had been thought before and established the clinical and physiological
importance of the so-called rotatory reaction. By means of the so-called fistula test he
made the “pneumatic hammer” of the physiologist Ewald available for clinical use and
he gave the galvanic reaction the secondary place which it now occupies.

He also studied the remaining phenomena of the vestibular syndrome, both the sub-
jective and the objective ones, and systematized them. Here he was chiefly concerned
with developing the question of the so-called vestibular reaction movements. First of all
he established that vestibular disturbances of equilibrium, which were already known,
occur in a regular manner, in a certain relationship to the existing nystagmus, so that
change of position, or tendency to change of position, always occurs in the same plane
but in an opposite direction to the existing nystagmus. From this follows the interesting
and clinically extraordinarily important fact that existing vestibular imbalance changes
direction with an alteration in the head position. These imbalances, which may stem
from the muscular apparatus of the trunk, correspond with other analogous phenom-
ena in all the other muscles which are directed by the will. With an appropriate series
of experiments it can be shown how each extremity, or part of an extremity, deviates
from a certain position, or tends to deviate, in the same plane but in an opposite di-
rection to the nystagmus caused, or already present. This previously quite unknown
phenomenon has become, through Bárány’s so-called pointing test, an integral part of
the examination methods of ear and nerve specialists.

Attempts to explain the phenomena drew Bárány in a new and promising direction lead-
ing to important investigations into the function of the cerebellum. Bárány thinks that
constant impulses are going out from the cortex of the cerebellum to all the muscles
controlled by the will which are thus held in a constant, and under normal circum-
stances, uniform state of tension (tonus). This tonus is influenced by the stimulation
of the vestibular apparatus in the regular manner already indicated. If one applies the
simple test (Bárány’s so-called pointing test) of raising the outstretched arm from a
downward position upwards opposite a suitably situated, fixed object, e.g. a graduated
disc (Boivie), it will be found that with repeated attempts every normal individual
reaches approximately the same spot each time with either open or closed eyes. If the
same test is repeated after stimulation of the vestibular apparatus, i.e. after syringing an
ear with cold or warm water, the subject will point wrongly with closed eyes and always
in the same way, that is to say, in the same plane in which the nystagmus occurs, but
in an opposite direction. The reaction will be the same, mutatis mutandis, if the arm
is moved in the horizontal plane or if the test is made with the leg, forearm, lower leg,
trunk, head, etc. Bárány has illustrated this in an excellent manner. Let us imagine a
horse walking and being led by two stretched reins. The horse can be led out of its direct
path either by a stronger pull on one rein or by a loosening of the other. In Bárány’s
pointing test the cortex of the cerebrum represents the active force—the horse—while
the cerebellar cortex supplies the tonus; one must assume that it has a centre for the
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tonus which is directed against the sagittal axis of the body, i.e. “inwards” and also a
centre for the tonus away from this axis, i.e. “outwards”. When the arm is directed into
the horizontal plane one must assume that, as regards tonus, it is being influenced by
one centre for tonus in an upward direction and one for tonus in a downward direction.
Consequently one must assume for each joint in the body the presence of four of such
tonus centres in the cerebellar cortex, one for each of four possible movement directions.
By close study of cases of isolated damage to the cerebellar cortex and by suitable de-
velopment and adaptation of the Trendelenburg method, by which the cortical centre
can be temporarily paralysed by freezing, Bárány also succeeded in establishing the
presence and position of some of these centres and thereby inaugurating a kind of top-
ical cerebellar diagnostics of a very promising nature. Although by its very nature this
study presents great di�culties, the solution of which requires considerable time, many
of the points raised have already been confirmed from di↵erent sources, while others
must be left open.

After the outbreak of war Bárány’s e↵orts were partly directed into other channels which
must be touched upon lightly here although they are not directly within the framework
of the work for which the Nobel Prize has been awarded. As a doctor in Przemysl he
soon became aware that the usual methods of treating infected cranial wounds gave
very unsatisfactory results. In almost all cases where projectiles had penetrated into
the brain taking with them infected particles of skin and clothing, infection occurred
which sooner or later led to death. Bárány assumed that the so-called open methods of
treating wounds generally current at the time were directly favorable to this infection
and attempted in suitable cases, after careful cleansing of the cavity, to close the wound
with a primary suture, thereby preventing continuing infection from outside. With this
method of treatment, which, although Bárány was unaware of it, was also beginning to
be used in Germany and, particularly, in France, he obtained immediately a considerable
and obvious improvement in his results and when Bárány came back in the middle of the
war from a prisoner-of-war camp in Russia he applied himself exclusively to introducing
the new method to the surgeons of his own country. At first he met with definite and
tough resistance, but, when the experience of other countries became known and when
Austrian surgeons had tried the method themselves, when also Bárány’s great work
on this theme was completed and published, opinion changed and he was able to add
another great triumph to those previously achieved.

During the long period which he spent as a prisoner of war without any kind of literature,
laboratory facilities or other scientific aids, Bárány was unable to proceed with this great
work or with research into the vestibular mechanism. His speculative mind resorted then
to the question of consciousness and its anatomical-physiological explanation to which
he afterwards related a great part of his work, the first results of which have already
been published.
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Figure 2.154: Creators who made important contributions to knowledge about the sense of balance
included Friedrich Goltz, Ernst Mach, Josef Breuer, Ernst Ewald, and Róbert Bárány.
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2.3.12 Touch

As illustrated in Fig. 2.155, the sense of touch, or somatosensory system, employs a variety of
sensory receptor cells that detect pressure, pain, heat, cold, and other stimuli. Most aspects of the
somatosensory system were discovered and studied by scientists from the German-speaking world
(Figs. 2.155–2.157).

In 1719, Abraham Vater (German states, 1684–1751) identified vibration- and pressure-sensitive
corpuscles in the skin, later called Vater-Pacini corpuscles (after Filippo Pacini, who rediscovered
them over a century later with much greater fame).

Ernst Heinrich Weber (German, 1795–1878) conducted many experiments on touch and wrote a
book on touch in 1834. He developed the two-point method of determining the minimum detectable
distance between touched points on di↵erent regions the body, measured the sensitivity to changes
in touch pressure, and demonstrated how temperature detection interacted with other aspects of
the sense of touch.

Johannes Peter Müller (German states, 1801–1858) realized that di↵erent types of nerve endings
sensed di↵erent aspects of touch (pressure, heat, cold, pain, etc.), and wrote about that in his 1840
Handbuch der Physiologie [Handbook of Physiology].

Rudolf Wagner (German states, 1806–1864) analyzed the sense of touch in his 1844 Handwörterbuch
der Physiologie [Dictionary of Physiology]. Along with Georg Meissner, in 1852 he also discovered
Meissner’s corpuscles, which detect light touch.

Hermann von Helmholtz (German, 1821–1894) measured the speed of conduction of nerve impulses
related to various aspects of the sense of touch.

Moritz Schi↵ (German, 1823–1896) conducted experiments that di↵erentiated between the detection
of touch/pressure and pain, and also studied how those signals were transmitted through the spinal
cord.

In 1852, Georg Meissner (German, 1829–1905) as well as Rudolf Wagner discovered Meissner’s
corpuscles, mechanoreceptors that sense light touch.

WilhelmWundt (German, 1832–1920) studied di↵erences in the detection and transmission of touch
sensations vs. pain.

In 1859, Wilhelm Krause (German, 1833–1910) discovered Krause’s corpuscles or Krause end bulbs,
which sense mechanical stimuli in mucous membranes and joints.

In 1875, Friedrich Sigmund Merkel (German, 1845–1919) discovered Merkel discs or Merkel cells,
another type of mechanoreceptors that sense light touch.

Maximilian von Frey (Austrian, 1852–1932) conducted experiments to correlate di↵erent receptors
with di↵erent types of touch stimuli.

Alfred Goldscheider (German, 1858–1935) determined specific locations on the skin that had re-
ceptors for heat, cold, touch, and pain.

Friedrich Kiesow (German, 1858–1940) identified regions that were sensitive to touch but not to
pain.

Otfrid Foerster (German, 1873–1941) published a highly detailed map of dermatomes (regions of
the skin connected to the same sensory neuron) in 1933, based on decades of experiments. He also
mapped the sensory-motor regions of the cerebral cortex.
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Figure 2.155: The sense of touch, or somatosensory system, employs a variety of sensory receptor
cells that detect pressure, pain, temperature, and other stimuli. Creators who made important
contributions to knowledge about the sense of touch included Otfrid Foerster, Maximilian von
Frey, and Alfred Goldscheider.
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Figure 2.156: Other creators who made important contributions to knowledge about the sense
of touch included Hermann von Helmholtz, Friedrich Kiesow, Wilhelm Krause, Georg Meissner,
Friedrich Sigmund Merkel, and Johannes Peter Müller.
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Figure 2.157: Other creators who made important contributions to knowledge about the sense of
touch included Moritz Schi↵, Abraham Vater, Rudolf Wagner, Ernst Heinrich Weber, and Wilhelm
Wundt.
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2.3.13 Taste

Scientists from the German-speaking world made important contributions to knowledge about the
sense of taste or gustation (Figs. 2.158–2.160).

In his 1747 Primae lineae physiologiae [Primer of Physiology], Albrecht von Haller (Swiss, 1708–
1777) classified detectable tastes into categories and proposed that they were detected by specialized
structures in the tongue.

In 1752, Johann Sulzer (Swiss, 1720–1779) discovered that electricity from a primitive battery with
zinc and copper electrodes could induce sensations of taste in the tongue.

Ernst Heinrich Weber (German, 1795–1878) demonstrated that temperature a↵ects the sensitivity
of the tongue to di↵erent tastes.

Johannes Peter Müller (German states, 1801–1858) discovered that di↵erent fundamental tastes
can interact with each other in complex flavors.

Gabriel Valentin (German, 1810–1883) assembled and analyzed information on the sense of taste
in his 1844 Lehrbuch der Physiologie des Menschen [Textbook of Human Physiology] and his 1846
Grundriss der Physiologie des Menschen [Outline of Human Physiology] .

Maximilian Ritter von Vintschgau (Austrian, 1832–1913) refined the earlier lists of tastes to the
primary tastes of sour, sweet, salty, and bitter in 1880.

Wilhelm Wundt (German, 1832–1920) also classified the primary tastes in 1880.

In 1867, Gustav Schwalbe (German, 1844–1916) discovered taste buds in the tongues of humans
and other mammals.

Ludimar Hermann (German, 1838–1914) studied the development of taste buds in dogs in 1884.

Napoleon Cybulski (Polish, 1854–1919) and Adolf Beck (Polish/Austrian, 1863–1942) demonstrated
that di↵erent receptors in the tongue respond to di↵erent primary tastes.

Fedor Krause (German, 1857–1937) traced the nerves carrying signals from the taste buds to the
brain.

In 1894, Friedrich Kiesow (German, 1858–1940) showed that the sensory reaction times of the
tongue were di↵erent for the di↵erent primary tastes.

Hans Henning (German, 1885–1946) studied the fundamental tastes and their interactions.

Walter Börnstein (German, 1890–19??) discovered how the brain analyzes taste signals in 1928,
and synthesized all of the accumulated data and theories on taste in 1940.
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Figure 2.158: Creators who made important contributions to knowledge about the sense of taste
included Adolf Beck, Walter Börnstein, and Napoleon Cybulski.
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Figure 2.159: Other creators who made important contributions to knowledge about the sense of
taste included Albrecht von Haller, Hans Henning, Ludimar Hermann, Friedrich Kiesow, Fedor
Krause, and Johannes Peter Müller.
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Figure 2.160: Other creators who made important contributions to knowledge about the sense
of taste included Gustav Schwalbe, Johann Sulzer, Gabriel Valentin, Maximilian Ritter von
Vintschgau, Ernst Heinrich Weber, and Wilhelm Wundt.
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2.3.14 Smell

Scientists from the German-speaking world made important contributions to knowledge about the
sense of smell or olfaction (Figs. 2.161–2.162).

Albrecht von Haller (Swiss, 1708–1777) wrote one of the earliest scientific discussions of olfaction in
his 1747 Primae lineae physiologiae [Primer of Physiology] and 1757–1766 eight-volume Elementa
physiologieae [Elements of Physiology].

Johannes Peter Müller (German states, 1801–1858) analyzed the scientific basis of olfaction in his
1838 Handbuch der Physiologie des Menschen [Handbook of Human Physiology].

Rudolf Wagner (German states, 1806–1864) also analyzed the scientific basis of olfaction in his 1844
Handwörterbuch der Physiologie [Dictionary of Physiology].

In 1847, Ernst Heinrich Weber (German, 1795–1878) discovered that olfaction was much more
sensitive to odorant molecules dispersed in air than in water, giving important clues about the
mechanism by which any olfactory receptors must operate.

Conrad Eckhard (German, 1822–1905) discovered olfactory receptor cells in the nasal epithelium
of frogs in 1855.

Max Schultze (German, 1825–1874) discovered olfactory receptor cells in the nasal epithelium of
humans and other mammals in 1856.

Maximilian Ritter von Vintschgau (Austrian, 1832–1913) conducted experiments to study the dif-
ferences between the senses of olfaction and taste.

In 1895, Hendrik Zwaardemaker (Dutch, 1857–1930) developed a system for classifying detectable
odors into categories.

In 1916, Hans Henning (German, 1885–1946) developed an alternative system for classifying de-
tectable odors into categories.

As shown in Fig. 2.163, G. Krum (German?, 18??–19??) invented facial tissues or “paper handker-
chiefs” in 1894, 30 years before the first Kleenex tissues in the United States.
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Figure 2.161: Creators who made important contributions to knowledge about the sense of smell
or olfaction included Conrad Eckhard, Albrecht von Haller, and Hans Henning.
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Figure 2.162: Other creators who made important contributions to knowledge about the sense of
smell or olfaction included Johannes Peter Müller, Max Schultze, Maximilian Ritter von Vintschgau,
Rudolf Wagner, Ernst Heinrich Weber, and Hendrik Zwaardemaker.
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Figure 2.163: G. Krum invented facial tissues or “paper handkerchiefs” in 1894.
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2.4 Cardiovascular Medicine

Scientists from the German-speaking world made many of the major discoveries and inventions in
cardiovascular medicine, including:22

2.4.1. Hemoglobin and its properties

2.4.2. Blood pressure measurement

2.4.3. The heart-lung machine

2.4.4. Blood types and transfusions

2.4.5. Cardiovascular disease

2.4.6. Cardiovascular diagnostics

2.4.7. Cardiovascular therapeutics

2.4.8. Synthetic blood plasma

2.4.9. Transfer of cardiovascular medical innovations to other countries

2.4.1 Hemoglobin

As shown in Figs. 2.164–2.166, many scientists were involved in discovering and working out the
details of how hemoglobin in red blood cells transports oxygen.

In 1840, Friedrich Ludwig Hünefeld (German, 1799–1882) discovered hemoglobin and demonstrated
that it could carry oxygen.

Soon after that, in 1842, Julius Robert von Mayer (German, 1814–1878) proposed that oxidative
chemical reactions provided the energy for cells throughout the body, suggesting that was the
purpose of transporting oxygen through the bloodstream.

In 1851, Otto Funke (German, 1828–1879) purified hemoglobin from red blood cells and converted
it into a crystalline form to measure its properties. He also investigated blood cells in the spleen.

22Boettcher et al. 2003; Gedeon 2006; Jahn 2004; Junker 2004; Koesling and Schülke 2010; Kohler 2008; Magner
2002; Possehl 1989; Raviña and Kubinyi 2011; Schnalke and Atzl 2010; Schneider 1972; von Schwerin 2013; Simmons
2002; Sneader 2005; Weatherall 1991; Zimmer 2003.
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Felix Hoppe-Seyler (German, 1825–1895) used and greatly extended Friedrich Ludwig Hünefeld’s
techniques to measure the binding of hemoglobin to oxygen.

Julius Lothar Meyer (German, 1830–1895) studied how carbon monoxide can displace oxygen from
hemoglobin, leading to carbon monoxide poisoning. Meyer also developed and published the periodic
table of the elements (p. 439).

Hans Fischer (German, 1881–1945) discovered how to chemically synthesize heme (or haemin), the
iron-binding porphyrin molecule that combines with proteins to form hemoglobin. For that work,
he won the 1930 Nobel Prize in Chemistry. Professor H. G. Söderbaum, Chairman of the Nobel
Committee for Chemistry, described Fischer’s accomplishments
[www.nobelprize.org/prizes/chemistry/1930/ceremony-speech/]:

This is the road which Professor Hans Fischer of Munich travelled, to reach his desti-
nation with perseverance and determination; not only did he determine completely the
constitution of haemin and all its decomposition products: he also prepared the blood
pigments from their simplest constituents by synthesis, a scientific achievement which
would scarcely have been considered possible even a generation ago. By this synthe-
sis he crowned his researches which both in extent and in the unbelievable di�culties
associated with them deserve to be called a gigantic labour.

Moreover, these researches were not wholly restricted to blood pigments. Closely related
pigments occur in Nature and not only in the blood. These include the pigments in the
bile, of which bilirubin is the best characterized to date. Its constitution, too, has been
determined by Fischer who established the connection between this bile pigment and
the blood pigment. Further, it was discovered that the pigment in the pinions of certain
birds is the copper salt of a porphyrin, whereas the pigment which forms the dark spots
on the eggs of a large number of wild birds, the so-called ooporphyrin, has been found
to be blood pigment without iron. Even if I add that Fischer has demonstrated the
occurrence of haemin in yeast, all this is overshadowed by the fact that, chemically
speaking, the pigment of green plants, i.e. chlorophyll, is closely related with the red
blood pigment, and even derives, as Fischer has shown, from exactly the same parent
substance, as regards the porphyrins. [...]

Felix Haurowitz (Czech, 1896–1987) also made a number of structural studies and discoveries about
hemoglobin and its various forms during the late 1920s and 1930s in Prague, before that research
was ended by the war.

Rudolf Lemberg (German, 1896–1975) fled the Third Reich and conducted similar studies of
hemoglobin in Australia in the 1930s–1950s.

Hermann Lehmann (German, 1910–1985), another refugee from the Third Reich, settled in the
United Kingdom and studied hemoglobin and red blood cell abnormalities such as sickle cell anemia
in the 1940s–1960s.

Max Perutz (Austrian, 1914–2002) worked out the structure of the hemoglobin protein, for which he
won the 1962 Nobel Prize in Chemistry. The Royal Swedish Academy of Sciences briefly summarized
his research [www.nobelprize.org/prizes/chemistry/1962/perutz/facts/]:
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When X-rays pass through a crystalline structure, the patterns formed can be captured
as photographic images, which are then used to determine the crystal’s structure. During
the 1930s, this method was used to map increasingly large and complex molecules. Max
Perutz began to map the structure of hemoglobin, for example—the protein that allows
blood to transport energy-giving oxygen to the body’s muscles. His study, completed in
1959, was later followed by further studies of the hemoglobin molecule and its function.

Werner Adolf Immerwahr (German, 1924–2006) left Germany during World War II, changed his
name to Vernon Ingram, and ultimately became a well-known biology professor at MIT. With
support from Max Perutz and other members of the German-speaking scientific diaspora, he spent
most of his career studying the roles of proteins in diseases. In the 1950s, Immerwahr/Ingram
showed that a mutation changing a single amino acid in hemoglobin was responsible for causing
sickle-cell anemia, a hereditary blood disease. Later he studied some of the key proteins involved
in neurodegenerative illnesses such as Alzheimer’s disease.

2.4.2 Blood Pressure Measurement

As shown in Fig. 2.167, scientists from the German-speaking world created instruments for mea-
suring blood pressure.

In 1854, Karl von Vierordt (German, 1818–1884) developed and demonstrated an instrument called
a sphygmograph (somewhat like a graphing seismometer) for blood pressure measurement.

Building on the work of von Vierordt, in 1881 Samuel Siegfried von Basch (Austrian, 1837–1905)
developed the more practical sphygmomanometer for blood pressure measurement.

Beginning in 1901, Heinrich Jacob von Recklinghausen (German, 1867–1942) refined von Basch’s
sphygmomanometer to create the modern instrument for blood pressure measurement.

2.4.3 Heart-Lung Machine

In 1885, Maximilian von Frey (Austrian, 1852–1932) and Max von Gruber (Austrian, 1853–1927)
invented and demonstrated the heart-lung machine (Fig. 2.168). It could oxygenate blood and
circulate that through a patient whose heart had been temporarily stopped for heart surgery. Their
approach gradually spread worldwide.

The design of heart-lung machines was later improved by Willem Kol↵ (Dutch, 1911–2009, p. 337),
who also invented renal dialysis machines.
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Figure 2.164: Red blood cells contain hemoglobin protein, which in turn contains heme molecules
that can carry oxygen.
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Figure 2.165: Some creators who made important contributions to knowledge about hemoglobin in-
cluded Hans Fischer, Otto Funke, Felix Haurowitz, Felix Hoppe-Seyler, Friedrich Ludwig Hünefeld,
and Werner Adolf Immerwahr, also known as Vernon Ingram.
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Figure 2.166: Other creators who made important contributions to knowledge about hemoglobin
included Hermann Lehmann, Rudolf Lemberg, Julius von Mayer, Julius Lothar Meyer, and Max
Perutz.
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Figure 2.167: Karl von Vierordt, Samuel Siegfried von Basch, and Heinrich von Recklinghausen
developed instruments for measuring blood pressure.
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Figure 2.168: Maximilian von Frey and Max von Gruber invented and demonstrated the heart-lung
machine in 1885.
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2.4.4 Blood Types and Transfusions

Scientists from the greater German-speaking world discovered blood types and made blood trans-
fusions safe and practical (Figs. 2.169–2.170).

Karl Landsteiner (Austrian, 1868–1943) identified blood types in 1900 and helped conduct the
first matched transfusion in 1907. For that breakthrough, he won the Nobel Prize in Physiology
or Medicine in 1930. Professor G. Hedrén, Chairman of the Nobel Committee for Physiology or
Medicine, explained [www.nobelprize.org/prizes/medicine/1930/ceremony-speech/]:

Thirty years ago, in 1900, in the course of his serological studies Landsteiner observed
that when, under normal physiological conditions, blood serum of a human was added to
normal blood of another human the red corpuscles in some cases coalesced into larger or
smaller clusters. This observation of Landsteiner was the starting-point of his discovery
of the human blood groups. In the following year, i.e. 1901, Landsteiner published his
discovery that in man, blood types could be classified into three groups according to
their di↵erent agglutinating properties. These agglutinating properties were identified
more closely by two specific blood-cell structures, which can occur either singly or
simultaneously in the same individual. A year later von Decastello and Sturli showed
that there was yet another blood group. The number of blood groups in man is therefore
four.

Landsteiner’s discovery of the blood groups was immediately confirmed but it was a
long time before anyone began to realize the great importance of the discovery. The
first incentive to pay greater attention to this discovery was provided by von Dungern
and Hirszfeld when in 1910 they published their investigations into the hereditary trans-
mission of blood groups.

Working independently of Landsteiner, Jan Janský (Czech/Austrian, 1873–1921) also identified
and studied blood types.

In 1910, Emil von Dungern (German, 1867–1961) and Ludwik Hirszfeld (Polish, studied and worked
in Germany then Switzerland, 1884–1954) discovered the heritability of ABO blood types.

Alfred Beck (German, 1889–1973) developed e�cient equipment for blood transfusions.

2.4.5 Cardiovascular Disease

German-speaking scientists also made important contributions to knowledge about cardiovascular
disease (Fig. 2.171).

Ludwig Ascho↵ (German, 1866–1942) identified and studied many pathophysiological conditions of
the heart. His son Jürgen Ascho↵ conducted research on circadian rhythms (p. 256).

In 1931, Rudolf Schoenheimer (German, 1898–1941) published the results of a series of animal
experiments in which he discovered and analyzed the link between dietary intake of cholesterol and
atherosclerosis.

Konrad Bloch (German, 1912–2000) and Feodor Lynen (German, 1911–1979) won the Nobel Prize
in Physiology or Medicine in 1964 for their work on cholesterol and fatty acid metabolism, which
also had many implications for cardiovascular disease. For more information, see p. 354.
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Figure 2.169: Creators from the German-speaking world developed e�cient equipment for blood
transfusions and determined compatible blood groups for transfusions.
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Figure 2.170: Creators who determined compatible blood groups for transfusions and developed
e�cient equipment for transfusions included Alfred Beck, Emil von Dungern, Ludwik Hirszfeld,
Jan Janský, and Karl Landsteiner.
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Figure 2.171: Scientists from the German-speaking world who made important contributions to
knowledge about cardiovascular disease included Ludwig Ascho↵, Konrad Bloch, Feodor Lynen,
and Rudolf Schoenheimer.



2.4. CARDIOVASCULAR MEDICINE 333

2.4.6 Cardiovascular Diagnostics

Creators from the greater German-speaking world developed the major types of cardiovascular
diagnostics (Fig. 2.172).

In 1893, Wilhelm His Jr. (Swiss, 1863–1934) discovered what is now called the “bundle of His,”
tissue that conducts and coordinates electrical impulses telling the heart muscle to beat.

Building on His’s discovery, in 1903, Willem Einthoven (Dutch, 1860–1927) invented the first
practical electrocardiogram (ECG or EKG) for recording electrical signals from the heart. He re-
ceived the Nobel Prize in Physiology or Medicine in 1924 for that work. Professor J.E. Johansson,
Chairman of the Nobel Committee for Physiology or Medicine, explained Einthoven’s invention
[www.nobelprize.org/prizes/medicine/1924/ceremony-speech/]:

Einthoven’s name is linked partly with the design of a physical instrument, the string
galvanometer, partly with the so-called electrocardiogram, a record of the electrical po-
tential fluctuations at the surface of the body, which accompany the heart beat. The
heart beat, like the piston movement of a steam engine, is a cyclic process. Behind this
process lies, in the first place, a similarly cyclic process in the heart muscle.

Carl Hellmuth Hertz (German, 1920–1990), the son of Gustav Hertz (p. 879) and great nephew of
Heinrich Hertz (p. 840), developed echocardiography, which uses ultrasonic waves and acoustic sig-
nal recording and imaging methods to analyze heart function. He obtained the first echocardiogram
in 1953, and later he also developed inkjet printing.

See also p. 1232 for the early development of ultrasound imaging by the German-speaking world.
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Figure 2.172: Willem Einthoven developed the electrocardiogram in 1895, and Carl Hellmuth Hertz
developed the echocardiogram in 1953.
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2.4.7 Cardiovascular Therapeutics

Scientists from the greater German-speaking world also developed many important cardiovascular
therapeutics, including both devices and medications (Fig. 2.173).

In 1929, Werner Forßmann (German, 1904–1979) invented and successfully demonstrated the car-
diac catheter. For that revolutionary innovation, he won the Nobel Prize in Physiology or Medicine
in 1956. Professor G. Liljestrand, Secretary of the Nobel Committee for Physiology or Medicine,
praised his work [www.nobelprize.org/prizes/medicine/1956/ceremony-speech/]:

As far as man is concerned, these methods were for a long time only partly applicable.
Thus, it was possible to record the pressure in the peripheral arteries—and this is what
is usually meant when we speak of the blood pressure—as well as in the superficial
veins. These values reflect to some extent the conditions in the left ventricle and the
right atrium. But measurements of the right ventricular pressure, which is of essential
importance for the work of the right side of the heart, was impracticable. Similarly, it was
possible, for determination of the oxygen content, to take samples of the arterial blood,
but not of the mixed venous blood in the right side of the heart, which gives the average
value for the body as a whole. It was, in fact, necessary to resort to indirect methods.
These have yielded valuable results, although they have somewhat undeservedly—as
is often the case—been overshadowed by the subsequent conquests. One of the factors
limiting the applicability of these indirect methods was, however, that they required
the active cooperation of the experimental subject or patient, and this was at times
associated with di�culties or was altogether unfeasible.

As late as 1928, there were good reasons for the statement in a textbook that in man,
one was “naturally” confined to the use of the indirect methods. Consequently, it was
highly surprising when, already in the following year, Werner Forssmann at the surgical
clinic in Eberswalde was able to show—by making, with the intrepidity of youth, by
no means harmless experiments on himself—that a narrow catheter could be advanced
from a cubital vein into the right atrium itself, a distance of almost two-thirds of a
metre. Obviously, this constituted a remarkable advance.

Willem Kol↵ (Dutch, 1911–2009) invented, developed, and successfully demonstrated the renal
dialysis machine during World War II. After the war, his technology rapidly spread around the
world, and Kol↵ moved to the United States, where he continued to develop improved dialysis
machines, as well as improved heart-lung machines.

Arthur Stoll (Swiss, 1887–1971) led a research team at Sandoz in Basel that developed some of the
earliest and most important heart medications, including cardiac glycosides, alkaloids, and soluble
calcium salts.

German-speaking scientists developed early blood pressure medications such as adrenochrome (p.
338) and pentaerythritol tetranitrate (PETN, p. 533). After World War II, those discoveries were
adopted by other countries [e.g., CIOS ER 115–116]. Much more archival research should be con-
ducted to elucidate the history of the development of blood pressure medications in the German-
speaking world, along with the direct and indirect e↵ects that knowledge had on drug development
in other countries.
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2.4.8 Synthetic Blood Plasma

As shown in Figs. 2.174–2.176, by the early 1940s, at least two synthetic blood plasma substi-
tutes were developed and successfully tested in the German-speaking world [Brinkman et al. 1945;
Hüsselmann 1952; Schoen 1949; NYT 1945-09-21 p. 5, 1947-05-25 p. 42, 1951-02-08 p. 35, 1951-05-
20 p. E9]. This work was decades ahead of its time, since perfecting synthetic blood substitutes for
battlefield use is still a subject of great military and medical interest.

Periston was developed and tested by Walter Reppe (German, 1892–1969, see p. 472), Hellmut
Weese (German, 1897–1954), and G. Hecht (German?, 18??–19??). It was a saline-glucose solution
containing completely synthetic polymers of polyvinyl pyrrolidone suspended as a colloid. Periston
was far more than a laboratory experiment—it was successfully employed in hundreds of thousands
of patients in wartime and early postwar Germany, due to the very large numbers of patients and
the shortage of real human blood plasma. The New York Times reported the history and successes
of periston [NYT 1951-05-20]:

Confronted in 1939 with a serious shortage of blood, the German Government encour-
aged Drs. G. Hecht and H. Weese, among others, to develop a blood plasma substitute.
Hecht and Weese rejected gum solutions and sought instead a colloid which would not
slip easily through the membranes of the kidneys, as salt solutions do, and which would
readily absorb water. The quest ended with a product which was christened “Periston”
and which is chemically called polyvinyl pyrrolidon.

This polyvinyl pyrrolidon is an artificial compound synthesized from acetylene, ammonia
and formaldehyde. The molecule so obtained is coupled with others, a process called
polymerization, which means coupling of small molecules to form big ones. Rubber is
a polymer, and so is many a synthetic fiber. Since polymers are big molecules, they
are not easily lost by slipping through membranes of the kidneys and out of the blood
stream.

Periston or PVP, as it was also known, was used successfully during the recent war in
the treatment of 500,000 German battlefront casualties. Since the war the preparation
has been widely used in Germany in surgical clinics because there is still a shortage of
blood for transfusions.

Another synthetic blood plasma was capain, which was a saline solution containing polypeptide
fragments that had been hydrolyzed from casein (purified milk protein), as well as glucose and
other ingredients. It was also manufactured on a commercial scale and used successfully in humans
(pp. 74 and 340).

2.4.9 Transfer of Cardiovascular Medical Innovations to Other Countries

Many innovations in cardiovascular medicine—such as blood pressure measurement, the heart-lung
machine, blood type matching, and the electrocardiogram—were rapidly adopted worldwide after
they were invented or discovered by scientists in the German-speaking world in the late nineteenth
and early twentieth centuries.

All of the remaining innovations in cardiovascular medicine were transferred from the German-
speaking world to other countries after World War II. For examples see Fig. 2.174 and FIAT 779,
Work on Physiology of the Circulatory System and on Electrophysiology.
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Figure 2.173: Werner Forßmann invented the cardiac catheter. Willem Kol↵ created the renal
dialysis machine. Arthur Stoll led a Sandoz team that discovered heart medications. Bernhard
Tollens and many others developed blood pressure medications, such as PETN and adrenochrome.
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Figure 2.174: The German-speaking world developed a variety of medicines and medical products
that were transferred to other countries after World War II, as shown for example by this document
[NARA RG 40, Entry UD-75, Box 58, Folder TIID Discards].
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Figure 2.175: Creators from the German-speaking world developed and successfully used periston
as a synthetic blood plasma substitute.



340 CHAPTER 2. CREATORS AND CREATIONS IN BIOLOGY AND MEDICINE

Figure 2.176: Creators from the German-speaking world also developed and successfully used capain
as a synthetic blood plasma substitute.
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2.5 Vitamins and Hormones

Vitamins are essential biochemical molecules that the human body needs yet cannot make for itself
(at least in su�cient quantities), so they must be acquired from foods or other sources. Hormones are
biochemical molecules that cells in the body use to send various signals to each other; many belong
to the family of steroid hormones derived from cholesterol, but other hormones do not. There are a
number of biochemical connections between vitamin molecules and hormone molecules, and hence
there was considerable overlap in these research areas. Creators from the greater German-speaking
world made many major discoveries and innovations regarding:

2.5.1. Vitamins

2.5.2. Steroid hormones

2.5.3. Nonsteroidal hormones

2.5.1 Vitamins

It is helpful to cover the basics of vitamin molecules, in order to better understand the importance
of the original discoveries and scientific studies of those vitamins. Vitamins may be divided into
those that are hydrophobic (do not like to be in water) and therefore fat-soluble, and those that
are hydrophilic (like to be in water) and therefore water-soluble.

Fat-soluble vitamins can accumulate in body fat and are di�cult to dissolve in water and eliminate
in urine. Thus they can last a long time in the body, but they can also have toxic e↵ects if they
are consumed in excess. As shown in Fig. 2.177, some major fat-soluble vitamins include:

• Vitamin A (retinol) can be derived from certain plants such as carrots, sweet potato, pumpkin,
spinach, kale, etc., or fats from animals that have previously ingested such plants. Retinol
and its related forms are essential components of light-detecting rhodopsin molecules in the
eye and of some DNA-regulating transcription factors in cell nuclei. Too little vitamin A can
cause blindness and sterility; too much can cause liver damage or birth defects.

• Vitamin D (cholecalciferol) can be made from cholesterol in human skin exposed to enough
sunlight; otherwise it can be derived from certain mushrooms, alfalfa, or animals that have
previously ingested such foods. Vitamin D acts on the intestine and bones to maintain su�-
cient levels of calcium and phosphorus. Insu�cient vitamin D can cause bone demineralization
and deformation (rickets). Excessive vitamin D can cause nausea or kidney stones.

• Vitamin E (tocopherol) is found in vegetable oils, which are used to make many foods. It acts
as an antioxidant to prevent oxidative damage to cells, so its absence can increase oxidative
damage, especially in red blood cells that carry lots of oxygen and in neurons that use lots
of oxygen. Too much vitamin E can interfere with proper blood clotting.

• Vitamin K (phylloquinone) can be derived from leafy green vegetables such as spinach, collard
greens, broccoli, and Brussels sprouts. Vitamin K is also made by the bacteria that naturally
live inside the gastrointestinal tract. Vitamin K is used as a coenzyme to modify a number
of human proteins, most of which play key roles in blood clotting. Too little vitamin K can
hinder blood clotting, and too much can potentially harm red blood cells.
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Figure 2.177: Some major fat-soluble vitamins include vitamins A (retinol), D (cholecalciferol), E
(tocopherol), and K (phylloquinone).
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Water-soluble vitamins are not stored in body fat and are readily eliminated in urine. As a result,
one can quickly become deficient in these vitamins if they are not consumed regularly, yet it is
di�cult to overdose on them. Water-soluble vitamins are especially important for the synthesis of
biomolecules such as amino acids and nucleotides, and for metabolism to produce energy by breaking
down fats and sugars. Thus the e↵ects of water-soluble vitamin deficiencies are most pronounced
in rapidly dividing cells that need lots of biomolecular synthesis and energetic metabolism (e.g.,
blood-cell-producing bone marrow, mucous membrane and skin cells, and developing embryos), and
in neurons in the central or peripheral nervous system that are damaged if their steady energetic
metabolism is interrupted. As shown in Fig. 2.178, some major water-soluble vitamins include:

• Vitamin B1 (thiamine) can be derived from whole grains, legumes, nuts, or fungi, or from
products (e.g., liver, eggs) from animals that have consumed those foods. It is a precursor
for thiamine pyrophosphate, which prepares sugars for the energy-producing citric acid cycle.
Thiamine deficiency can damage the central nervous system, a condition called beriberi.

• Vitamin B2 (riboflavin) is found in leafy vegetables, legumes, and products (milk, eggs, liver)
from animals that have consumed those foods. Cells use it to produce two major electron and
proton transport proteins.

• Vitamin B3 (niacin) can be derived from grains, cereal, nuts, milk, and meat. It is an essential
precursor of two other electron and proton transport proteins.

• Vitamin B5 (pantothenic acid) is found in a very wide variety of plant- and animal-derived
foods and is a component of coenzyme A, which carries several molecules through metabolic
pathways.

• Vitamin B6 (pyridoxine) is also found in a wide range of plant- and animal-derived foods,
and is a precursor of pyridoxal 5’-phosphate, a cofactor for a number of metabolic reactions.

• Vitamin B7 or H (biotin) is found in a great variety of plant- and animal-derived foods and
is also produced by bacteria in the human intestine, so biotin deficiency is virtually unheard
of. Biotin is an important cofactor or component of several di↵erent carboxylase enzymes.

• Vitamin B9 or M (folic acid or folate) is most plentiful in leafy green vegetables. It is a
precursor of tetrahydrofolate, a coenzyme essential for amino acid and nucleotide synthesis.

• Vitamin C (ascorbic acid) is abundant in most fruits. It is an essential cofactor for a number of
enzymes, including those involved in collagen synthesis, and may play a role as an antioxidant
to prevent cellular damage from free oxygen radicals.

Because there are such profound human health implications from having too little or too much of
a given vitamin, the discoveries of individual vitamins and their properties were major milestones
in biology and medicine, and many of those discoveries were recognized with Nobel Prizes. Figures
2.179–2.180 show some scientists who made important discoveries about vitamins.23

23Jahn 2004; Junker 2004; Kohler 2008; Magner 2002; von Schwerin 2013; Sneader 2005; Sto↵ 2012; Weatherall
1991.
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Figure 2.178: Some major water-soluble vitamins include vitamins B1 (thiamine), B2 (riboflavin),
B3 (niacin), B5 (pantothenic acid), B6 (pyridoxine), B7 or H (biotin), B9 or M (folic acid), and C
(ascorbic acid).



2.5. VITAMINS AND HORMONES 345

Christiaan Eijkman (Dutch, 1858–1930) discovered vitamin B1 and its importance for preventing
beriberi. For that discovery, he won the Nobel Prize in Physiology or Medicine in 1929. Professor
G. Liljestrand, a member of the Royal Caroline Institute, described Eijkman’s discovery and its
implications [www.nobelprize.org/prizes/medicine/1929/ceremony-speech/]:

It was the analysis of the nature of the food used in cases of polyneuritis in hens that
led Eijkman to his discovery. As a rule, analysis and synthesis complete each other,
and indeed the employment of both these avenues of approach has been of decisive
importance also for the development of the science of vitamins. [...]

Many years have passed, since Eijkman found the antineuritic principle in food, but
the great importance of this work has been appreciated but slowly. Today, however, the
outstanding significance of the discovery is universally acknowledged not only for our
understanding and our attempt to combat beriberi, but also because it has indicated a
way of investigating and controlling many other deficiency diseases.

Albert Eschenmoser (Swiss, 1925–) artificially synthesized vitamin B12, the vitamin with the most
complex molecular structure. Eschenmoser also developed methods of synthesizing artificial nucleic
acids that di↵er from natural DNA and RNA.

Casimir (Kazimierz) Funk (Polish, educated in Switzerland and worked in Germany before moving
to United States, 1884–1967) first coined the word “vitamin” (or “vital amine”) and helped to
identify the molecular structures and/or dietary e↵ects of vitamins B1, B2, B3, C, and D. He also
did important early work on steroid hormones. Despite his many important discoveries regarding
vitamins and hormones, he never won a Nobel Prize.

Paul Karrer (Swiss, 1889–1971) conducted research that helped to identify vitamins A, B2, C, and
E. He won the Nobel Prize in Chemistry in 1937. Professor W. Palmær, Chairman of the Nobel
Committee for Chemistry, stated [www.nobelprize.org/prizes/chemistry/1937/ceremony-speech/]:

The Royal Academy of Sciences has decided also to award to Professor Paul Karrer in
Zurich one half of the Nobel Prize in Chemistry this year in recognition of his researches
concerning carotenoids and flavins, and the vitamins A and B2. [...]

Karrer has thus succeeded in elucidating completely the nature of two of the vitamins,
hitherto considered as so mysterious, and one of them is now produced artificially. A
characteristic of this scientist is his open eye to the great and important problems as
well as to their kernels, and the independent way in which he attacks the problems and
pursues his new departures with the aid of his own methods.

Richard Kuhn (Austrian, 1900–1967) made major discoveries regarding the chemical structures and
synthesis of vitamins A, B2, and B6, for which he won the Nobel Prize in Chemistry in 1938. He
also synthesized antibiotics (p. 188) and nerve agents (p. 571) and conducted a wide variety of other
innovative biochemical work during his career. The Royal Swedish Academy of Sciences described
Kuhn’s vitamin discoveries [www.nobelprize.org/prizes/chemistry/1938/kuhn/facts/]:

Kuhn investigated theoretical problems of organic chemistry (stereochemistry of aliphatic
and aromatic compounds; syntheses of polyenes and cumulenes; constitution and colour;
the acidity of hydrocarbons), as well as extensive fields in biochemistry (carotenoids;
flavins; vitamins and enzymes).
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For a period of twenty years Kuhn investigated compounds containing double bonds
which proved to be of great interest in connection with the study of the chemical nature
of the carotenoids. He discovered eight new types of these and was able to analyse their
constitution. He also carried out important work on vitamin B2 and the antidermatitis
vitamin B6. For his work in this important field Kuhn was awarded the Nobel Prize for
Chemistry in 1938.

Feodor Lynen (German, 1911–1979) made important discoveries regarding vitamin B7, cholesterol,
and fatty acid metabolism. He won the Nobel Prize in Physiology or Medicine in 1964. His work
regarding cholesterol and hormones is discussed on p. 354.

Tadeusz Reichstein (Polish, educated and worked in Switzerland, 1897–1996) discovered a method
to synthesize vitamin C that is now called the Reichstein process and is still widely used. He won
the Nobel Prize in Physiology or Medicine in 1950 for his research on cortisone (p. 354).

Albert Szent-Györgyi (Hungarian, 1893–1986) was the first to purify vitamin C, and he also made
important discoveries regarding other vitamins, muscle metabolism, and the Krebs cycle. He won
the Nobel Prize in Physiology or Medicine in 1937. Professor E. Hammarsten, a member of the
Royal Caroline Institute, explained the importance of Szent-Györgyi’s work on vitamin C and other
vitamins [www.nobelprize.org/prizes/medicine/1937/ceremony-speech/]:

The magnificent series of Szent-Györgyi’s discoveries commenced in 1933. They were
carried out and pursued at Szeged with extraordinary rapidity and precision. His clear
vision for essentials induced him, in spite of his isolation of ascorbic acid and of his
identification of it with the so-termed vitamin C—a feat that was justly hailed with
enthusiasm—to hand over to others for the time being the tempting pursuit of the
further development of that discovery, and to devote the whole of his energy to the
problem of combustion, notwithstanding the di�culties it presented. [...]

It is of especially great importance that at least two vitamins—C and B2, and possibly
B1, and P—are in cooperation in the oxidation chain and are catalysts, illustrating the
way in which these vitamins act in the organism.

Adolf Windaus (German, 1876–1959) made important discoveries regarding the structures and
synthesis of vitamin D and cholesterol, for which he won the Nobel Prize in Chemistry in 1928.
Professor H. G. Söderbaum, Secretary of the Royal Swedish Academy of Sciences, discussed Win-
daus’s discoveries [www.nobelprize.org/prizes/chemistry/1928/ceremony-speech/]:

Another sterol which Windaus has studied in detail, is ergosterol, which occurs partly
in ergot and partly in yeast. The research carried out in recent years, in which Windaus
himself has also played a leading part, has revealed the very important fact that, on being
irradiated with ultraviolet light, this ergosterol assumes exactly the same properties as
the antirachitic vitamin, “vitamin D”, i.e. it will cure rachitis (rickets). For example, it
has been found that 5 mg of irradiated ergosterol has the same action in this respect as
1 litre of good cod-liver oil. It can be considered proved, therefore, that ergosterol, or
possibly a sterol, the physiological e↵ects of which correspond completely with those of
ergosterol, constitutes the antirachitic provitamin, i.e. the mother substance of vitamin
D. [...] For there is no doubt that your work on sterols, vegetable cardiac poisons and
other closely related substances merits in the same high degree such an award as the
work which we have just recognized.
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Figure 2.179: Creators who made major discoveries about vitamins included Christiaan Eijkman,
Albert Eschenmoser, Casimir Funk, Paul Karrer, and Richard Kuhn.
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Figure 2.180: Creators who made major discoveries about vitamins also included Feodor Lynen,
Tadeusz Reichstein, Albert Szent-Györgyi, and Adolf Windaus.
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2.5.2 Steroid Hormones

Many hormones belong to the family of steroid hormones; several examples are shown in Fig.
2.181. Steroid hormones are all derived from cholesterol. Various steroid hormones are produced
by certain organs, pass through the bloodstream, and enter target cells elsewhere in the body
to deliver their signals. The best-known steroid hormones are the male hormone testosterone,
produced by the testes, and female hormones progesterone and estradiol (estrogen), produced by
the ovaries. However, the large family of steroid hormones also includes non-sexual hormones, such
as cortisone, an anti-inflammatory hormone produced by the adrenal glands in response to stress,
and aldosterone, produced by the adrenal glands to regulate blood pressure.

Both the natural science and the practical applications of steroid hormones were developed almost
entirely by creators from the greater German-speaking world.24 Figures 2.182–2.191 show some of
the key individuals who were involved. The discoveries regarding these hormones had revolutionary,
immediate, and long-lasting implications, making possible the creation of:

• Pregnancy tests

• Hormonal contraceptives

• Menopause treatments

• Anabolic steroids

• Anti-inflammatory steroid drugs

• Blood pressure medications

• Therapeutics for high cholesterol

• Etc.

Arnold Adolph Berthold (German states, 1803–1861) demonstrated the existence of sexual hor-
mones by removing the testes from roosters and then successfully re-implanting them in other
regions of some of the birds, showing that the testes produced substances that passed through the
blood to a↵ect sexual characteristics.

Austrian gynecologists Rudolf Chrobak (1843–1910) and Emil Knauer (1867–1935) built upon that
work, as reported by professor of pharmacology Walter Sneader [Sneader 2005, p. 173]:

24Butenandt 1931; Dominguez-Lacasa 2005; Gausemeier 2005; Jahn 2004; Junker 2004; Karlson 1990; Koesling and
Schülke 2010; Kohler 2008; Magner 2002; Marks 2010; Possehl 1989; Raviña and Kubinyi 2011; Schieder and Trunk
2004; Schneider 1972; von Schwerin 2013; Sneader 2005; Sto↵ 2012; Taschwer 2016; Weatherall 1991.
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During the period of enthusiasm for organotherapy at the end of the nineteenth century,
the Viennese gynaecologist Rudolf Chrobak gave tablets prepared from cows’ ovaries to
his patients in an attempt to overcome the undesirable e↵ects that ensued after surgical
removal of their ovaries. Chrobak then asked his assistant, Emil Knauer, to investigate
the e↵ects of transplantation of ovarian tissue in animals. He began by extirpating the
ovaries of rabbits and showing that this led to involution of the uterus and cessation of
the oestrus cycles. However, when he reimplanted the ovaries elsewhere in the animals,
normal ovarian function was restored. His work inspired others to administer desiccated
ovaries or extracts of these to patients in the hope of relieving menopausal disorders.

In 1912, Eugen Steinach (Austrian, 1861–1944) went further than the same-sex experiments of
Berthold and Knauer. He demonstrated that transplanting the testes from male to female guinea
pigs caused the female guinea pigs to develop male characteristics.

Heinrich Wieland (German, 1877–1957) won the 1927 Nobel Prize in Chemistry for his research
on the biochemical synthesis of bile acids, which are chemically related to cholesterol and therefore
shed knowledge on this whole family of molecules. Professor H. G. Söderbaum, Secretary of the
Royal Swedish Academy of Sciences, summarized the methods and the importance of Wieland’s
research [www.nobelprize.org/prizes/chemistry/1927/ceremony-speech/]:

Wieland succeeded in producing from bile a saturated acid which can be regarded as the
mother substance or parent acid of the bile acids, and which he studied and characterized
in detail. When Windaus then produced this same parent acid, cholanic acid, from
cholesterol by means of a complicated and very ingenious series of experiments, this
indicated very clearly the close relationship between cholesterol and the bile acids. It
should be pointed out in this connection that Wieland’s investigations into bile acids
themselves gave a deeper insight of the mechanism of the action of the bile in the
resorption of food in the intestines. [...]

Professor Wieland. The decision of the Royal Academy of Sciences to award you the
Nobel Prize in Chemistry for your work on bile acids and related substances, is only a
just recognition of the solution of a problem which is without doubt one of the most
di�cult which organic chemistry has had to tackle.

The complex composition of the compounds investigated, the large number of atoms
contained in the molecules of these compounds, the fact that the material was often
very di�cult to produce, even in small quantities, these were obstacles which could only
be overcome with such striking success through a remarkable skill in experimentation
and a rare capacity for finding new ways and means.

During the 1930s, four di↵erent groups working in parallel within the German-speaking world
almost simultaneously purified, identified, and chemically synthesized the various male and female
sexual hormones:

1. In Germany, Adolf Butenandt (German, 1903–1995) purified and identified several natural sex
hormones in the 1930s [Butenandt 1931; Karlson 1990; Schieder and Trunk 2004]. He won the
1939 Nobel Prize in Chemistry for that work. The Royal Swedish Academy of Sciences emphasized
the significance of the research of Butenandt and his collaborators [www.nobelprize.org/prizes/
chemistry/1939/butenandt/facts/]:
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Hormones are substances that transfer signals between the body’s cells and organs and
regulate bodily functions. In the 1930s Adolf Butenandt contributed to the mapping of
several hormones that specifically apply to men and women, respectively. After deter-
mining the composition of the female sex hormone estrogen, he was able to determine
the structure for this hormone and a related hormone, estriol. He was also able to pro-
duce a male sex hormone in pure form for the first time and to determine its chemical
composition. It was named androsterone.

Butenandt worked at several universities and then became head of the Kaiser Wilhelm Institute
for Biochemistry. During that time, he worked with a team of other hormone experts in his aca-
demic laboratories, including Hans Dannenbaum (German?, 18??–19??), Günther Hanisch (Ger-
man?, 18??–19??), Helmut Kudszus (German?, 18??–19??), and Kurt Tscherning (German?, 18??–
19??). Butenandt also worked closely with the Schering pharmaceutical company to commercialize
production of both naturally derived and chemically synthesized hormones for a variety of purposes
(Figs. 2.183–2.186). Some especially noteworthy scientists at Schering included:

• Max Dohrn (German, 1874–1943, chemist) who worked on everything from sex hormones to
insulin to sulfonamide antibiotics.

• Fritz Hildebrandt (German, 1887–1961, pharmacologist).

• Walter Hohlweg (Austrian, 1902–1992, endocrinologist) and Hans-Herlo↵ Inho↵en (German,
1906–1992, Schering chemist), who developed an orally e↵ective form of estrogen. Inho↵en
also chemically synthesized vitamins A and D.

• Carl Kaufmann (German, 1900–1980, gynecologist), who worked on female sexual hormones
and their relevance for treating menstrual disorders and cancers.

• Johannes Schultze (German?, ??–??, chemist), an expert on the chemical synthesis of steroid
hormones.

• Erwin Schwenk (Austrian, 1887–1976, chemist), who moved to Schering’s U.S. branch and
set up similar work there.

2. In Switzerland, Leopold Ruz̆ic̆ka (Austro-Hungarian/Croatian, studied in Germany and worked
in Switzerland, 1887–1976) chemically synthesized sex hormones in the 1930s. For that work, he also
won the 1939 Nobel Prize in Chemistry. The Royal Swedish Academy of Sciences summarized the re-
sults of Ruz̆ic̆ka and his collaborators [www.nobelprize.org/prizes/chemistry/1939/ruzicka/facts/]:

Terpenes are a large and varied group of substances that range from rubber and the
solvent turpentine to the cholesterol in our blood. Leopold Ruzicka studied fragrances
in perfumes and became interested in how they were related to other substances. In the
mid-1920s he came to the conclusion that the substances were composed of the same
building block, terpene isoprene. By manipulating cholesterol molecules, Leopold Ruz-
icka succeeded in producing the male sex hormone androsterone and later demonstrated
that testosterone also could be produced from cholesterol.
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Just as Butenandt collaborated with the German pharmaceutical company Schering, Ruz̆ic̆ka col-
laborated with the Swiss pharmaceutical company CIBA (Chemische Industrie Basel) [Ratmoko
2010]. Chemists at Ciba who were especially important for steroid hormone synthesis included Max
Hartmann (Swiss, 1884–1952), Karl Miescher (Swiss, 1892–1974), Ernst Tschopp (Swiss?, ??–19??),
and Albert Wettstein (Swiss, 1907–1974). See Fig. 2.187.

3. At the University of Vienna, the chemist Karl Slotta (German, 1895–1987) led a group that also
included gynecologist Erich Fels (German, 1897–1981) and chemist Heinrich Ruschig (German,
1906–1994); see Fig. 2.188. They too were at the forefront of discovering, synthesizing, and testing
various steroid hormones.

4. At the University of Amsterdam and the collaborating Organon pharmaceutical company, physi-
cian Ernst Laqueur (German, 1880–1947) led a group that also included K̊aroly Gyula David
(Hungarian, 1905–1945, killed in the Gusen concentration camp), Elisabeth Dingemanse (Dutch,
1886–1952), John (Johann) Freud (Hungarian, ??–??), Bernard Josephy (German, 18??–19??), and
Otto Mühlbock (German, 1906–1979) [Oudshoorn 1991], as shown in Fig. 2.189. They published
numerous papers and patented a variety of hormonal compounds, running neck-and-neck with the
German, Swiss, and Austrian groups.

In 1927, the gynecologists Selmar Aschheim (German, 1878–1965) and Bernhard Zondek (German,
1891–1966) developed the first pregnancy test, measuring hormone changes in urine with the onset
of pregnancy [Sneader 2005, p. 174]. The test involved injecting a woman’s urine into an immature
female mouse (Fig. 2.190). If the woman was not pregnant, no changes were noted in the mouse. If
the woman was pregnant, the mouse visibly went into heat from the extra hormones, even though
it was not mature enough to produce its own hormones. This test was adopted worldwide (often
with rabbits instead of mice) and used for decades until it was replaced by in vitro immunoassays
(which had also been invented by German-speaking scientists—see p. 226). This test detected
human chorionic gonadotropin (hCG), which Aschheim and Zondek also purified and identified.
While hCG is a protein hormone and not a steroid, its function is directly tied to steroid hormones,
so it is included in this section.

Based on the latest discoveries about female sexual hormones, Ludwig Haberlandt (Austrian, 1885–
1932) proposed hormonal birth control in 1921, successfully demonstrated it in animals during the
1920s, and tried to initiate human trials beginning in 1930 (Fig. 2.191). Although Haberlandt’s
hormonal contraceptive was never o�cially approved for that purpose in humans, it appears to
have uno�cially achieved considerable use from the 1930s onward. Historian Lara Marks recounted
Haberlandt’s struggles and achievements [Marks 2010, pp. 47–48]:

[H]e had successfully conducted a series of animal experiments by 1927, proving the con-
traceptive value of ovarian and placental extracts. By the late 1920s he was negotiating
with the German-based pharmaceutical firms E. Merck and I. G. Farben to produce a
progesterone-based hormonal contraceptive. Neither of these companies, however, were
willing to take on the project. Despite the increasing use of contraception among couples
in these years, research into contraception remained highly taboo. Haberlandt himself
was denied promotion in his own academic institution because of the hostility of the
Catholic lobby to his contraceptive work. Despite these di�culties, in 1928 Haberlandt
secured an agreement to develop his hormonal contraceptive with Gedeon Richter, a
Hungarian company producing hormones, based in Budapest. By 1930 the company
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had commercially registered a compound called Infecundin. Haberlandt faced problems
getting the product tested on humans because he was not a clinician. Although he ap-
proached a number of physicians to try out the drug as a hormonal contraceptive in
women, no one was willing to support it.

Though Haberlandt himself died prematurely in 1932, his product was tested at a
women’s hospital in Innsbruck in 1934. The results of this research were never pub-
lished. The drug, however, had its commercial registration renewed in 1940 and 1950.
Infecundin, or a similar substance called Profecundin, is also rumoured to have been
promoted in Germany during 1942. [...I]n 1966 Gedeon Richter, by then a state-owned
company, promoted Infecundin as the first Hungarian contraceptive pill.

Carl Djerassi (Austrian/Bulgarian, 1923–2015), having trained in the German-speaking world, stud-
ied the details of Haberlandt’s work, and worked with other German-speaking pioneers from the
early days of hormone research, proceeded to commercialize hormonal birth control in Mexico and
the United States in the 1950s. Lara Marks described direct links between Djerassi and the earlier
work by Haberlandt and other German-speaking hormone researchers [Marks 2010, pp. 67–68]:

[...] Emerik Somlo [...] had started o↵ his career in Mexico in 1928 as a representative for
the Hungarian company Gedeon Richter, which at that time was negotiating its agree-
ment with Haberlandt in Europe to produce an oral contraceptive. In Mexico Somlo had
established a lucrative trade for Gedeon Richter due to the almost total absence of other
drug houses. He soon realized he could push the business even further with the estab-
lishment of a laboratory within Mexico. Refused funding by Gedeon Richter to finance
such a project, Somlo collaborated with a young German Jewish chemist, Frederico
Lehmann, to set up the laboratory and their own company, Laboratorios Hormona, in
1933. Much of the production of this firm was built up through the expertise of refugee
European scientists recruited to the company in the 1930s. Feeling the ravages of fas-
cism, these scientists brought with them many of the advances in hormone knowledge
and production in Europe in the interwar period. [...]

In 1945 Somlo hired a Hungarian Jewish chemist, George Rosenkrantz [at Somlo and
Lehman’s new company Syntex...] Trained in technical sciences and chemical engineering
at the Eidgenossische Technische Hochschule (Technical School of the Confederation) in
Zurich in the 1930s, Rosenkrantz had worked alongside leading experts in the chemical
synthesis of male hormones. His supervisor, Leopold Ruzicka, for instance, had received
the Nobel Prize in 1939 as a result of his work on male hormones with Adolf Butenandt,
one of the discoverers of oestrone. [...]

In 1948, Rosenkrantz was joined in these e↵orts by a young American (born in Vienna),
the Jewish Carl Djerassi. Recruite together with a number of other scientists, some of
whom had trained with Rosenkrantz in Zurich, Djerassi had a strong background in
steroidal chemistry. After leaving Europe in 1938, he had obtained a doctorate from the
University of Wisconsin in 1945. His graduate work had focused on the chemical con-
version of the male hormone, testosterone, into the female hormone, oestrogen. Djerassi
subsequently worked for the American subsidiary of the Swiss company CIBA, which
held the patent for cholesterol, whence he joined Syntex. Employed by Syntex as part
of its drive to fulfill its industrial potential and expand its range of steroidal intermedi-
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aries, Djerassi not only brought with him industrial expertise and a knowledge of steroid
chemistry, but also a desire to establish an academic and scientific reputation.

Marks also noted [Marks 2010, p. 11]:

In a recent paper Djerassi calls himself ‘The mother of the pill’. Such mythology partly
stems from the fact that much of the early history of the oral contraceptive was written
by the scientists and medical experts involved in its initial development, who had an
interest in promoting themselves as its inventors.

Tadeusz Reichstein (Polish, educated and worked in Switzerland, 1897–1996) won the Nobel Prize
in Physiology or Medicine in 1950 for identifying cortisone, a steroid hormone that is not sex-
related, but rather produced in response to stress. Professor G. Liljestrand of the Royal Caroline
Institute announced the award [www.nobelprize.org/prizes/medicine/1950/ceremony-speech/]:

Professor Tadeus Reichstein. To you and your co-workers we owe the first isolation of
four active hormones from the adrenal cortex, the first synthesis of one of them, the
proof of the steroid nature of said hormones, and numerous details on the structure
and properties of these important bodies. In this way the wearisome road to synthe-
sis was smoothed, and new medicaments created. Your discoveries in this field are of
fundamental importance.

Konrad Bloch (German, 1912–2000) and Feodor Lynen (German, 1911–1979) won the Nobel Prize
in Physiology or Medicine in 1964 for their work on cholesterol and fatty acid metabolism, which
also had many implications for the biochemistry of hormones. Professor S. Bergström of the Nobel
Committee for Physiology or Medicine explained some of their research
[www.nobelprize.org/prizes/medicine/1964/ceremony-speech/]:

At an early stage Bloch made another discovery of fundamental importance in showing
that cholesterol is the precursor of bile acids and of one of the female sex hormones.
These discoveries opened up a new field of research that has engaged a great number of
scientists in di↵erent disciplines. We know now that all substances of steroid nature in
our body are formed from cholesterol.

Mainly through the basic biochemical work of this year’s prizewinners do we know today
in detail how cholesterol and fatty acids are synthesized and metabolized in the body.
These processes comprise series of reactions with a great number of individual steps.
For instance, the formation of cholesterol from acetic acid is a process involving some
thirty di↵erent steps. Derangements of this complicated mechanism of formation and
metabolism of lipids are in many cases responsible for the genesis of some of our most
important diseases, especially in the cardiovascular field. A detailed knowledge of the
mechanisms of lipid metabolism is necessary to deal with these medical problems in a
rational manner.

The importance of the work of Bloch and Lynen lies in the fact that we now know the
reactions which have to be studied in relation to inherited and other factors. We can
now predict that we, through further research in this field in the near future, can expect
to be able to do individual specific therapy against the diseases that in the developed
countries are the most common cause of death.
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Figure 2.181: Steroid hormones are derived from cholesterol and include hormones such as testos-
terone, progesterone, estradiol (estrogen), cortisone, and aldosterone.
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Figure 2.182: Some of the creators who made important contributions to knowledge about steroid
hormones included Arnold Berthold, Rudolf Chrobak, Emil Knauer, Eugen Steinach, Heinrich
Wieland, and Konrad Bloch.
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Figure 2.183: Adolf Butenandt led a research group that collaborated with Schering to purify, study,
and synthesize steroid hormones.



358 CHAPTER 2. CREATORS AND CREATIONS IN BIOLOGY AND MEDICINE

Figure 2.184: The steroid hormone R&D group run by Butenandt and Schering included Hans
Dannenbaum, Max Dohrn, Günther Hanisch, Fritz Hildebrandt, Walter Hohlweg, and Hans-Herlo↵
Inho↵en.
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Figure 2.185: The steroid hormone R&D group run by Butenandt and Schering also included Carl
Kaufmann, Helmut Kudszus, Johannes Schultze, Erwin Schwenk, and Kurt Tscherning.
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Figure 2.186: The steroid hormone R&D group run by Butenandt and Schering purified steroid
hormones from animals and then developed methods to chemically synthesize them.
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Figure 2.187: The steroid hormone R&D group at ETH Zurich and CIBA was run by Leopold
Ruz̆ic̆ka and also included Max Hartmann, Karl Miescher, Ernst Tschopp, and Albert Wettstein.
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Figure 2.188: The steroid hormone R&D group at the University of Vienna was run by Karl Slotta
and also included Erich Fels and Heinrich Ruschig.
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Figure 2.189: The steroid hormone R&D group at the University of Amsterdam and Organon was
run by Ernst Laqueur and also included K̊aroly Gyula David, Elisabeth Dingemanse, John (Johann)
Freud, Bernard Josephy, and Otto Mühlbock.
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Figure 2.190: Other German-speaking scientists who made important contributions to knowledge
about steroid hormones included Selman Ascheim and Bernhard Zondek.
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Figure 2.191: Ludwig Haberlandt proposed hormonal birth control in 1921, demonstrated it in
animals in 1930, and helped to develop oral contraceptives that entered commercial human use in
Europe in the 1930s. Carl Djerassi (shown with a student) commercialized a version of Haberlandt’s
oral contraceptive in North America in the 1950s and achieved much greater fame.
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2.5.3 Nonsteroidal Hormones

Creators from the greater German-speaking world also made many major discoveries about nons-
teroidal hormones, such as thyroid hormone, adrenaline, and insulin.25 For closely related work on
neurotransmitters, see p. 243.

Some important scientists who studied thyroid hormone production are shown in Fig. 2.192.

Theodor Billroth (Prussian/Austrian, 1829–1894) pioneered a wide variety of surgical techniques in
the neck, including the thyroid, and the abdomen. Even the American Council of Learned Societies
deemed his work especially noteworthy, well over a century later [ACLS 2000, p. 99]:

Billroth, the son of a clergyman, took a doctorate in medicine at Berlin (1952) and
directed the surgical clinic at Zurich (1860–67) and the University of Vienna (to 1894).
[...] His Die allgemeine chirurgische Pathologie und Chirurgie in fünfzig Vorlesungen
(1863) is a classic surgical textbook. He helped introduce antisepsis on the Continent,
and was the first to resect the esophagus (1872), to perform total laryngectomy (1873),
and to resect a cancerous pylorus (1881). His methods of resection, although modified,
remained in use for many years. Plastic surgery, especially of the face, was another of
his specialties. His pupils spread his teaching all over the Continent.

One of Billroth’s students, Emil Theodor Kocher (Swiss, 1841–1917), greatly expanded on his
initial work and elucidated the principles of thyroid disease and successful treatment. For these
achievements, Kocher won the 1909 Nobel Prize in Physiology or Medicine. Professor the Count K.
A. H. Mörner, Rector of the Royal Caroline Institute emphasized the importance of Kocher’s work
[www.nobelprize.org/prizes/medicine/1909/ceremony-speech/]:

Not only the thyroid, but also various other glands such as the adrenals and the pancreas
play a characteristic part in the processes within the organism by elaborating a secretion
peculiar to each gland, which is not excreted, but is di↵used throughout the organism
and is of the greatest importance to it. [...]

However, it is not only the treatment of the goitre which has been the subject of Kocher’s
research on the goitre. He has also carried out extensive investigations into the causes
of the endemic occurrence of goitre in certain regions and into the cretinism connected
with disturbances in thyroid function.

In the thyroid, as already indicated, other diseases can occur in addition to those which
arise with the ordinary goitre. To these as well Kocher has devoted successful work,
as a result of which it has been possible to define with more and more certainty the
method of treatment best suited to each case; in addition, on the basis of Kocher’s work
a broader, deeper knowledge of the pathology of the thyroid has been achieved.

Eugen Baumann (German, 1846–1896) demonstrated that thyroxine was the hormone produced by
the thyroid gland.

25Bliss 2007; Jahn 2004; Junker 2004; Koesling and Schülke 2010; Kohler 2008; Magner 2002; Mellingho↵ 1971,
1972; Possehl 1989; Raviña and Kubinyi 2011; Schneider 1972; von Schwerin 2013; Simmons 2002; Sneader 2005; Sto↵
2012; Weatherall 1991.
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Scientists who made major discoveries about the hormone adrenaline or epinephrine are shown in
Fig. 2.193:

• In 1895, Napoleon Cybulski (Polish, 1854–1919) and his student W ladys law Szymonowicz
(Polish, 1869–1939) first isolated and identified adrenaline.

• Otto von Fürth (Austrian, 1867–1938) independently purified adrenaline in 1898.

• In 1899, Max Lewandowsky (German, 1876–1916) showed that injecting adrenaline extract
into animals immediately elicited strong responses from nerves and muscles.

• Friedrich Stolz (German, 1860–1936) first used chemical methods to synthesize adrenaline in
1904.

• Ernst Joseph Friedmann (German, 1877–1956) worked out the molecular structure of adrenaline
in 1906.

Another important hormone is insulin. Glucose, a simple form of sugar, is circulated through the
blood to feed cells in the body, but too much glucose can actually damage cells, a condition called
diabetes. Part of the pancreas monitors the level of glucose in the blood and, when necessary, sends
out insulin to tell other organs to lower the amount of glucose. Thus the discovery of insulin had
enormous implications both for understanding the cause of diabetes and for successfully treating
it.

As shown in Figs. 2.194–2.195, German-speaking scientists made virtually all of the key discoveries
regarding the role of insulin in controlling and preventing diabetes.26

In 1869, Paul Langerhans (German, 1847–1888) discovered the clumps of cells in the pancreas that
produce insulin, which are now called the islets of Langerhans.

Joseph von Mering (German, 1849–1908) and Oskar Minkowski (Baltic German, studied and worked
in Germany, 1858–1931) demonstrated in 1889 that surgically removing the pancreas of a dog caused
diabetes, and therefore that a product of the pancreas was essential for controlling and preventing
diabetes. (Josef von Mering also helped to discover barbiturates—see p. 275).

Georg Ludwig Zülzer (German, 1870–1949), working together with Max Dohrn (German, 1874–
1943, a prolific chemist who also helped to synthesize steroid hormones and antibiotics) and Anton
Marxer (German, 1880–19??) at Schering, conducted the first experiments demonstrating that
insulin could be purified from calf pancreas (in an extract called Acomatol) and used to treat
diabetic symptoms, beginning in rabbits in 1903 and humans in 1906 [Mellingho↵ 1971, 1972]. Their
first insulin preparations demonstrably worked to control the symptoms of diabetes in humans, but
they also produced some inflammatory reactions due to the presence of impurities from animal
pancreas remaining in the preparations.

Zülzer and his colleagues continued working steadily to improve their insulin production process
in order to eliminate any remaining impurities. They were on the verge of achieving a marketable

26Bliss 2007, pp. 25–31; Meienhofer 1963; Mellingho↵ 1971, 1972; von Schwerin et al. 2013, pp. 151–155; Sneader
2005, pp. 164–166.
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final product, yet unfortunately their experiments were terminated in 1914 when medical personnel
and facilities were conscripted into caring for soldiers wounded in World War I. With the four years
of war, followed immediately by years of crippling national reparations payments and economic
depression, Zülzer was unable to renew his experiments.

Erich Leschke (German, 1887–1933) also developed and demonstrated injectable forms of insulin
purified from animal pancreases, producing a doctoral thesis on the topic in 1911 (Über die Wirkung
des Pankreasextraktes auf pankreasdiabetische und auf normale Tiere, or On the E↵ect of Pancreatic
Extract on Pancreatic-Diabetic and Normal Animals).

By closely following the steps of the insulin purification process that were described in detail in
Zülzer’s published papers and patents, Frederick Banting (Canadian, 1891–1941) and John Macleod
(Scottish, 1876–1935) replicated his work and used Zülzer’s own methods to eliminate any remaining
impurities in insulin in 1922. They were awarded the Nobel Prize in Physiology or Medicine the
very next year, in 1923, and have been lauded in the history books ever since. Zülzer has been all
but forgotten.

It seems quite likely that if World War I had not intervened, Zülzer (and perhaps Dohrn, Marxer,
or Leschke) would have won the Nobel Prize for that achievement. In any event, without all of the
discoveries from Langerhans, von Mering, Minkowski, Zülzer, Dohrn, Marxer, Leschke, and other
scientists in the German-speaking world who labored for half a century to go from discovering
insulin to purifying it, the now-widespread use of insulin to treat diabetes would have begun far
later than it did.

To avoid the necessity of purifying natural insulin from animals, Helmut Zahn (German, 1916–2004)
at Aachen University began working on methods of artificially synthesizing insulin after World
War II, based on protein synthesis techniques that had been pioneered in 1932 by Max Bergmann
(German, 1886–1944, p. 128). Zahn and his coworkers successfully produced and demonstrated the
first synthetic insulin in 1963 [Meienhofer 1963]. (By using Bergmann’s methods, the University
of Pittsburgh also produced synthetic insulin somewhat later.) That synthetic insulin was also the
first application of an artificially created protein, a major milestone in biotechnology. All of the
insulin used worldwide is now produced by biotechnological processes.



2.5. VITAMINS AND HORMONES 369

Figure 2.192: German-speaking scientists who made major discoveries about thyroid hormone pro-
duction included Theodor Billroth, Emil Theodor Kocher, and Eugen Baumann.
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Figure 2.193: German-speaking scientists who made major discoveries about adrenaline or
epinephrine included Napoleon Cybulski, W ladys law Szymonowicz, Otto von Fürth, Friedrich Stolz,
Ernst Joseph Friedmann, and Max Lewandowsky.
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Figure 2.194: Creators who made key discoveries regarding the role of insulin in controlling diabetes
included Paul Langerhans, Joseph von Mering, and Oskar Minkowski.
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Figure 2.195: Other creators who made key discoveries regarding the role of insulin in controlling
diabetes included Georg Ludwig Zülzer, Max Dohrn, Anton Marxer, Erich Leschke, and Helmut
Zahn.
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2.6 Developmental Biology and Embryology

Creators from the German-speaking world pioneered developmental biology (Section 2.6.1), as well
as techniques to aid childbirth and neonatal babies (Section 2.6.2).

2.6.1 Developmental Biology

Developmental biology is the study of how a fertilized egg cell multiplies and becomes the many
highly specialized and highly organized cells of a whole organism (Figs. 2.196–2.197). Scientists
from the greater German-speaking world virtually monopolized the field of developmental biology
and embryology for more than a century.27 In awarding the 1935 Nobel Prize in Physiology or
Medicine to Hans Spemann, Professor G. Häggquist of the Royal Caroline Institute emphasized
how completely it was German-speaking scientists who had created and who continued to dominate
the field of developmental biology [www.nobelprize.org/prizes/medicine/1935/ceremony-speech/]:

Developmental mechanics seeks to establish the inner causal connection between the
developmental processes. Wilhelm Roux founded this branch of science at the end of
the 80’s of the last century. Although Roux himself, Driesch, and many others have
enriched our knowledge with interesting facts, it was really Spemann and his school
who first established developmental mechanics as a current branch of science which has
revealed laws and relationships which encompass the entire biological world.

In his technical work, Spemann can be called a micro-surgeon. His instruments are
simple: glass rods drawn to a point, glass tubes which can be used as fine pipettes,
or loops of children’s hair. His experimental material consisted of the eggs of newts
and frogs. An egg cell of this kind is a little ball of living matter with a diameter
of 1–1.5 mm. Normally after fertilization it develops by continued segmentation until
it changes into a small hollow sphere whose wall consists of small cells. Subsequently
this hollow sphere invaginates rather as if you were to take a burst rubber ball and
squeeze it together in the hand; only the di↵erence is that the walls grow together so
that the orifice of the now double-walled sphere will be small and cleftshaped. After
that, a further layer of cells grows between the two walls of the sphere. These three
layers are called ectoderm, mesoderm, and endoderm from outside inwards respectively.
The orifice is called the blastopore. Then in front of this blastopore there arise from
the ectoderm the primordia of the brain and spinal cord. Beneath the primordial brain
an invagination of the ectoderm against the entoderm is formed, later to become the
mouth. The mesoderm will form the skeleton (in the first place the dorsal strip, then
the notochord) and muscles. The endoderm forms gut.

Much thought has been given to the nature of the forces and causality regulating this
development. It is at this point that Spemann’s researches begin. He used eggs of various
animal species which di↵er in colour, and with his simple instruments transplanted small
pieces of tissue in di↵erent stages of development. [...]

27Deichmann 1996; Gausemeier 2005; Gilbert and Barresi 2016; Jahn 2004; Junker 2004; Kohler 2002, 2006; Magner
2002; Mayr 1984; Miller 1988; Richards 2004, 2009; Schnalke and Atzl 2010; Simmons 2002; Roger Smith 1997;
Taschwer 2016.
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[...] Spemann has revealed conditions in the developmental process which are of deep
significance. A mountain of di�culties rears up before him who seeks to wrest from
Nature, secrets connected with the origin and development of a new individual. Spe-
mann has opened this mountain and has brought to light rich treasures of knowledge.
Moreover, a group of disciples has followed him, who can carry his thoughts forward
and continue the work at such time as the master himself grows weary. [...]

Herr Geheimrat [Spemann]. You are a student of Theodor Boveri, and occupy the Chair
once held by Professor August Weismann. These are two names of vast reputation
evoking feelings of gratitude and admiration in anyone engaged in biological research.
They are, however, also names imposing on the student and successor responsibilities for
carrying on a great tradition. You, Herr Geheimrat, have been successful in upholding
this proud scientific tradition. You have, with new tools, continued where Weismann and
Boveri had to stop, and have paved new ways in biology. August Weismann managed,
although ignorant of Mendel’s observations, to outline the significance of the nucleus
as bearer of heredity; Boveri laid, together with Oscar Hertwig, the foundation of our
knowledge of the fertilization phenomena; and you, Herr Geheimrat, have discovered
secret forces regulating the early development of the fertilized egg. You have also created
a school of scientists from whom Science can expect further valuable contributions. As
a result of this you have occupied a place in the first rank of great cultural personalities
in which your country is so rich.

Figures 2.198–2.202 show some of the most important scientists in developmental biology. Their
research methods and results were so complex, and there was so much overlap in their careers and
their discoveries, that these creators are simply mentioned in alphabetical order here. For much
more detail on all of these scientists and their research, please see the cited references.

Karl Ernst von Baer (Baltic German, 1792–1876) discovered the early blastula stage of development,
studied the germ layers (ectoderm, mesoderm, and endoderm) of the following gastrula stage in a
variety of vertebrates, and discovered the notochord (the early developmental stage of the spinal
column).

Carl Bergmann (German states, 1814–1865) studied comparative anatomy and formulated what is
now called “Bergmann’s rule”—the observation that species generally tend to be larger in colder
climates and smaller in warmer climates.

Theodor Boveri (German, 1862–1915) showed that chromosomes carry the inherited traits of an
organism, and that proper embyonic development requires the normal number of chromosomes for
an organism.

Hans Driesch (German, 1867–1941) demonstrated that embryonic cells in the early blastula stage
are totipotent and can become any part of the resulting animal, or completely separate animals if
they are split apart and allowed to resume development. In a sense, Driesch’s successful experiments
splitting apart the cells of one developing embryo to create many identical embryos were the earliest
demonstration of cloning.

Karl Gegenbaur (German, 1826–1903) was one of the pioneers of comparative anatomy and devel-
opmental morphology, and published highly influential textbooks showing the evolutionary rela-
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tionships among structures in di↵erent species.

Salome Gluecksohn-Waelsch (German, 1907–2007) was the founder of developmental genetics, the
study of how specific genes influence the development of an embryo and the di↵erentiation of
initially totipotent cells into highly specialized cell types committed to di↵erent fates.

Ernst Haeckel (German, 1834–1919) was a student of Karl Gegenbaur, and also conducted extensive
studies in comparative embryology among a variety of species.

Curt Herbst (German, 1866–1946) demonstrated the importance of ion concentrations for di↵eren-
tiation and development in embryos.

Oscar Hertwig (German, 1849–1922) stated in 1885 that nucleic acid (DNA) is responsible for
inherited characteristics, meticulously documented cellular events during fertilization, and made
other contributions to developmental biology. He was the older brother of Richard Hertwig.

Richard Hertwig (German, 1850–1937) was the younger brother of Oscar Hertwig, and he also
elucidated the process of fertilization and conducted other studies in developmental biology.

Wilhelm His Sr. (Swiss, 1831–1904) documented the development of the central and peripheral
nervous system, described endothelial tissue layers, and (along with Johann Purkinje, p. 76) was
one of the inventors of the microtome, which has become a widely used instrument for preparing
thin slices of animal or plant tissues for microscope slides. He was the father of Wilhelm His Jr. (p.
333).

Johannes Holtfreter (German, 1901–1992) conducted a long series of experiments demonstrating
how organizer or inducer regions of an embryo produce chemical gradients that control the body
plan or location and layout of organs.

Johann Friedrich Wilhelm Krause (German, 1833–1910) made a variety of contributions to devel-
opmental biology and human anatomy, including studies of the peripheral nervous system.

Hilde Mangold (German, 1898–1924) made discoveries that led to a Nobel Prize (for her supervisor
Hans Spemann in 1935), although unfortunately she did not live to share in that award. Develop-
mental biologists Scott Gilbert and Michael Barresi briefly recounted her story [Gilbert and Barresi
2016, p. 347]:

The most spectacular transplantation experiments were published by Spemann and his
doctoral student Hilde Mangold in 1924. They showed that, of all the tissues in the
early gastrula, only one has its fate autonomously determined. This self-determining
tissue is the dorsal lip of the blastopore—the tissue derived from the gray crescent
cytoplasm opposite the point of sperm entry. When this tissue was transplanted into
the presumptive belly skin region of another gastrula, it not only continued to be dorsal
blastopore lip but also initiated gastrulation and embryogenesis in the surrounding
tissue! [...]

Hilde Proescholdt Mangold died in a tragic accident in 1924, when her kitchen’s gasoline
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heater exploded. She has 26 years old, and her paper was just about to be published.
Hers is one of the very few doctoral theses in biology that have directly resulted in the
awarding of a Nobel Prize.

Otto Mangold (German, 1891–1962), the husband of Hilde Mangold, also made important contri-
butions to developmental biology, especially with regard to the di↵erentiation of initially totipotent
embryonic cells into highly specialized, committed cell types.

Johann Friedrich Meckel (Prussian Saxony, 1781–1833) was one of the first scientists to make
a systematic study of birth defects and abnormalities that occur during the development of an
embryo.

Heinz (or Heinrich) Christian Pander (Baltic German, 1794–1865) discovered and studied the three
germ layers (ectoderm, mesoderm, and endoderm) in chick embryos.

Martin Heinrich Rathke (German states, 1793–1860) carefully studied the developmental biology
of a wide variety of vertebrate and invertebrate species, and was the first to identify many features
in their development.

Karl Bogislaus Reichert (German, 1811–1883) investigated and reported on the development of a
number of di↵erent structures in vertebrate embryos.

Robert Remak (Prussian, 1815–1865) studied and described in detail the three germ layers (ecto-
derm, mesoderm, and endoderm) of the gastrula.

Wilhelm Roux (German, 1850–1924) conducted experiments on the development of the skeletal
and cardiovascular systems in vertebrate embryos.

Hans Spemann (German, 1869–1941) worked with Hilde Mangold and others on a wide range of
topics in developmental biology. For experiments that Hilde Mangold carried out, Spemann won
the Nobel Prize in Physiology or Medicine in 1935 (p. 373). In 1936, Spemann published Experi-
mentelle Beiträge zu einer Theorie der Entwicklung (translated into English in 1938 as Embryonic
Development and Induction), a book that included a detailed and scientifically accurate description
of experimental methods for cloning adult animals by removing the nucleus of an egg cell and re-
placing it with the nucleus from a cell of an adult to be cloned. It is not clear how far experiments
with that approach actually progressed in Germany before the end of World War II; much more
archival research should be performed to investigate that matter. In any event, Spemann’s approach
was successfully used by other scientists to create cloned animals in the decades after the war.

Walther (or Walter) Vogt (German, 1888–1941) was the first to use a vital (nontoxic) dye for fate
mapping of cells in developing embryos, in order to determine which types of cells arise from a
particular earlier cell that was injected with the tracking dye.

Heinrich Wilhelm von Waldeyer-Hartz (German, 1836–1921) discovered the developmental stages
for many structures in the head, including teeth, tonsils, and hair.

Else Wehmeier (German?, 19??–??) conducted important experiments demonstrating the action of
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organizer or inducer regions in an embryo.

August Weismann (German, 1834–1914) studied reproduction and development in sea urchins as
a very simple animal model, and made many important contributions regarding chromosomes and
heredity.

Paul Alfred Weiss (Austrian, 1898–1989) studied cellular di↵erentiation and tissue regeneration in
cultured cells and in whole amphibians.

Caspar Friedrich Wol↵ (Brandenburg, 1733–1794) founded the fields of animal and plant develop-
mental biology. He studied plant, chick, human, and other embryos and made important discoveries
regarding early developmental stages, developmental abnormalities, and the development of organ
systems such as the gastrointestinal tract.

Although it was somewhat later than the primary time period covered by this book, Christiane
Nüsslein-Volhard (German, 1942–) and Eric Wieschaus (U.S. but worked in Germany, 1947–) stud-
ied the genetic control of embryonic development. For that work, they won the Nobel Prize in Physi-
ology or Medicine in 1995. Professor Björn Vennström of the Nobel Committee at the Karolinska In-
stitute explained their discoveries [www.nobelprize.org/prizes/medicine/1995/ceremony-speech/]:

Insect larvae have segments; recall the larva of a butterfly! Each segment has its own
developmental program. Think about the wasp, with its head, the central section, and
the striped posterior (“tail”) region: every part develops from a specific segment in the
larva. Christiane Nüsslein-Volhard and Eric Wieschaus decided to find all the genes
that cause the larva to develop exactly 14 segments, since the segments determine the
body plan. Their chances of success were unclear. Nobody had done anything similar
before, and a hopelessly large number of genes could be involved. They began their
work, using a simple but ingenious experimental approach. After having tested more
than half of the approximately 20000 genes of the fly, they found three groups of genes
that govern segmentation. The first group of genes provides a basis for segmentation
along the body axis. The next group of genes governs the development of every second
segment, whereas the third group refines the structure of the individual segments.

Christiane Nüsslein-Volhard and Eric Wieschaus had opened a Pandora’s box filled with
a seemingly unmanageable jumble of genes, and transformed their hope for success into
a reality. They showed that it really was possible to identify and classify genes that
govern early embryogenesis in a rational way. The genes they found were surprisingly
few: only 15. This success has paved the way for other developmental biologists to make
pioneering discoveries.
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Figure 2.196: Most animals have similar early stages of development. A fertilized egg divides to
become a hollow ball of cells called a blastula. The cells of the blastula further multiply and rear-
range themselves to form a gastrula with three germ layers (ectoderm, mesoderm, and endoderm).
The cells of those three layers multiply and di↵erentiate to form di↵erent types of tissues.
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Figure 2.197: The embryos of many species have similar anatomical features (tails, limb buds, etc.),
even though some of them may lose those features before they are born.
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Figure 2.198: Creators who made important contributions to developmental biology and embryology
included Karl Ernst von Baer, Carl Bergmann, Theodor Boveri, Hans Driesch, Karl Gegenbaur,
and Salome Gluecksohn-Waelsch.
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Figure 2.199: Creators who made important contributions to developmental biology and embryology
also included Ernst Haeckel, Curt Herbst, Oscar Hertwig, Richard Hertwig, Wilhelm His Sr., and
Johannes Holtfreter.
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Figure 2.200: Creators who made important contributions to developmental biology and embryology
also included Johann Friedrich Wilhelm Krause, Hilde Mangold, Otto Mangold, Johann Friedrich
Meckel, Christiane Nüsslein-Volhard, and Heinz Christian Pander.
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Figure 2.201: Creators who made important contributions to developmental biology and embryology
also included Martin Heinrich Rathke, Karl Bogislaus Reichert, Robert Remak, Wilhelm Roux,
Hans Spemann, and Walther Vogt.
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Figure 2.202: Creators who made important contributions to developmental biology and embryology
also included HeinrichWilhelm vonWaldeyer-Hartz, Else Wehmeier, August Weismann, Paul Alfred
Weiss, Eric Wieschaus, and Caspar Friedrich Wol↵.
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2.6.2 Caesarean Sections and Neonatal Incubators

Scientists from the German-speaking world also pioneered techniques to aid childbirth and neonatal
babies.

Although caesarean sections had been occasionally performed since ancient times, mothers usually
did not survive the procedure. In 1881, Ferdinand Adolf Kehrer (German, 1837–1914, Fig. 2.203)
first used a horizontal incision low on the abdomen that greatly reduced bleeding and maternal
mortality.

In 1882, Max Sänger (German, 1853–1903, Fig. 2.203) demonstrated that the uterus could be
sutured after a caesarean section to preserve the mother’s ability to have future children.

Hermann Johannes Pfannenstiel (German, 1862–1909, Fig. 2.203) made further improvements to
the surgical methods of caesarean sections in 1900. That final form of the technique, known as the
Pfannenstiel incision, is still used today.

Caesarean sections were greatly aided by antiseptics (p. 163), anesthetics (p. 274), and later an-
tibiotics (pp. 185–188), all of which were also developed by German-speaking creators.

In 1835, Johann Georg von Ruehl (Baltic German, 1769–1846, Fig. 2.204) invented and used the
first neonatal incubators for premature babies. Such incubators became known as Ruehl’s cradle
and spread throughout Europe over the following decades.

Michael Cohn, later known as Martin Couney (German, 1870–1950, Fig. 2.204), moved to the
United States and improved, mass-produced, and popularized incubators.
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Figure 2.203: Beginning in 1881, Ferdinand Adolf Kehrer, Max Sänger, and Hermann Johannes
Pfannenstiel developed the modern surgical methods of safe caesarean sections.
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Figure 2.204: Johann Georg von Ruehl invented and demonstrated neonatal incubators in 1835.
Michael Cohn, also known as Martin Couney, later improved, mass-produced, and popularized
incubators.
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2.7 Aerospace Medicine, Prostheses, and Other Physiology

In addition to those areas already discussed in this chapter, scientists from the greater German-
speaking world also made many important contributions to other topics in physiology, including:28

2.7.1. Aerospace medicine

2.7.2. Prostheses

2.7.3. Other aspects of anatomy, physiology, and zoology

2.7.1 Aerospace Medicine

As shown in Figs. 2.205–2.206, a number of German-speaking scientists made important early
discoveries regarding high-altitude or aerospace medicine. Some major examples include:

• Arthur Berson (German, 1859–1942), a balloonist and meteorologist, conducted important
research on the physiological e↵ects of high altitudes. He used both high-altitude balloons
and ground-based low-pressure chambers for that work, and he collaborated with Hermann
von Schrötter, Reinhard Süring, and Nathan Zuntz.

• Arnold Durig (Austrian, 1872–1961) was a physician who conducted experiments on himself
at high altitudes on mountains. He was a student of Nathan Zuntz.

• Adolf Löwy (German, 1862–1937), a physician, conducted experiments both on high moun-
tains and in ground-based low-pressure chambers. He collaborated with Nathan Zuntz.

• Hermann von Schrötter (Austrian, 1870–1928) was a physician who designed a pressurized
balloon cabin for very high altitudes. He studied physiological e↵ects in balloons, on moun-
tains, in ground-based pressure chambers, and in deep-sea divers. At various times he worked
with Arthur Berson, Arnold Durig, Adolf Löwy, Reinhard Süring, and Nathan Zuntz.

• Reinhard Süring (German, 1866–1950) was a meteorologist who also studied the physiological
e↵ects of high altitudes using balloons and ground-based pressure chambers. He worked with
Arthur Berson, Hermann von Schrötter, and Nathan Zuntz.

• Nathan Zuntz (German, 1847–1920), a physiologist, was the earliest of those listed here, and
was essentially the founder of both high-altitude medicine and sports medicine. Over his
long career, he trained and/or collaborated with Arthur Berson, Arnold Durig, Adolf Löwy,
Hermann von Schrötter, and Reinhard Süring.

28Campbell et al. 2007; Campbell and Harsch 2013, 2019; Deichmann 1996; Gedeon 2006; Harsch 2000a, 2000b,
2004, 2006a, 2006b, 2007a, 2007b, 2015, 2017, 2018, 2019; Harsch and Kriebel 2006; Harsch et al. 2008; Kater 1989;
Klee 2001; Posner and Ware 2000; Schnalke and Atzl 2010; Simmons 2002; Vivien Spitz 2005; Strughold 1950.
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Figure 2.205: Some creators who made important early discoveries in aerospace medicine included
Arthur Berson, Arnold Durig, and Adolf Loewy.
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Figure 2.206: Other creators who made important early discoveries in aerospace medicine included
Hermann von Schrötter, Reinhard Süring, and Nathan Zuntz.
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During World War II, Germany had a very large group of aerospace medicine researchers working
on problems related to high-altitude aircraft, jets, rocket planes, ejection seats, and even piloted
missiles and rockets. Those experts were rapidly scooped up by Allied countries at the end of
the war, forming the basis for modern aerospace medicine in those countries. A large fraction of
German aerospace medicine experts went to the United States, where they founded programs at
the U.S. Air Force School of Aviation Medicine and the U.S. Naval Medical Research Institute
(Figs. 2.207–2.208). Their expertise was invaluable for postwar military aviation, as well as for the
later manned space program. Especially prominent members of this group of U.S.-based German
aerospace medical experts included:

• Theodor Benzinger (German, 1905–1999) worked directly with the first U.S. astronauts to
prepare them for spaceflight, yet is now nearly forgotten; if he is remembered at all by the
modern world, it is for inventing the ear thermometer. Aerospace medicine expert Viktor
Harsch summarized Benzinger’s career path [Harsch 2007a]:

Theodore Benzinger was a pilot-physician who performed pioneering research—
often involving self-experimentation—in areas related to flight at high altitude dur-
ing World War II. Of greatest historical interest to those of us in aerospace medicine
is his work on the e↵ects of rapid decompression and related oxygen equipment. Ben-
zinger was born in Stuttgart, Germany, on 28th August 1905. He studied medicine
and natural sciences at the universities of Tuebingen, Munich, and Berlin. From
1934 to 1944, Benzinger headed the aeromedical laboratory “EMed” in Rechlin,
where he was instrumental in conducting studies related to stratospheric flight,
including self-experimentation with rapid decompression up to 19,000 m (62,320
ft). His Rechlin experiments made an important contribution to understanding the
physiology and life-support requirements for high-altitude aviation and later work
under space-equivalent conditions. Following World War II, Benzinger joined the
sta↵ of the U.S. Army Air Forces Aeromedical Center in Heidelberg. In 1947 he
was recruited by “Operation Paperclip” to work at the U.S. Naval Medical Research
Institute (NMRI) in Bethesda, MD, where he worked on various aspects of human
physiology. He died as a U.S. citizen in Bethesda, MD, on 26th October 1999.

• Konrad Büttner (German, 1903–1970) specialized in environmental conditions from the lower
atmosphere to the upper atmosphere to radiation in space. He worked closely with Theodor
Benzinger, Hubertus Strughold, and other German-speaking scientists to apply that expertise
to aerospace medicine.

• Fritz Haber (German, 1912–1998, not to be confused with the earlier chemist of the same
name) was the brother of Heinz Haber. Both during and after World War II, he worked on
aerospace projects and aerospace medicine. He and his brother proposed simulating zero-
gravity conditions for short periods of time by sending astronaut trainees on parabolic flights
in aircraft, and that became standard practice.

• Heinz Haber (German, 1913–1990) was the brother of Fritz Haber. He was a physicist and
pilot, and worked on everything from nuclear power to aerospace projects, including parabolic
flights for zero-gravity training.
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• Hubertus Strughold (German, 1898–1986) was the leader of the German aerospace medicine
experts both during and after the war. He tested himself in large centrifuges and pressure
chambers in the 1930s and early 1940s, and headed the postwar programs to protect, equip,
and train astronauts. In his biography, aerospace medicine experts Mark Campbell and Viktor
Harsch wrote [Campbell and Harsch 2013, pp. 7, 10–11]:

Dr. Hubertus Strughold (1898–1986) is known as the “Father of Space Medicine”.
The Space Medicine Branch of the Aerospace Medical Association initiated the
“Hubertus Strughold Award” in 1963, given to the person each year for the greatest
achievement in space medicine. [...]

Dr. Hubertus Strughold became the first and only Professor of Space Medicine in
1958. Under his leadership, the school became a major center for basic and clinical
investigations into the physiological and behavioral e↵ects of spaceflight and the
space environment. [...]

Frequently misunderstood and a decade ahead of everyone else, but pressing forward
with what he knew to be true and important; unwavering in his principles, beliefs,
and ideas. As an example, Dr. Strughold never joined the Nazi party or allowed his
sta↵ to do so at a time when it would not only be advantageous to his career, but
actually dangerous to not do so. He was as anti-Nazi as you could possibly be in his
position without being arrested or executed. He specialized in aviation medicine at
such an early time that he was discredited by his colleagues for his expansive ideas
on future aeronautical possibilities. He then was a pioneer in the advancement of
space medicine when the only activity was short unmanned suborbital flights using
captured V-2s. He was pivotal in developing this discipline to such an extent that
the U.S. was well prepared for the Mercury program in 1959. Finally, he was an
advocate of the possibility of life on Mars and kept a “Mars jar” on his desk during
the 1950s. This jar was growing lichen in an atmosphere of extremely dry, low
pressure CO2. [...]

It is important that future debate of Dr. Strughold’s World War II activities be
carried on with documented and well referenced facts[...]
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Figure 2.207: The Mercury 7 astronauts with Theodor Benzinger at the U.S. Naval Medical Research
Institute.
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Figure 2.208: Fritz Haber, Konrad Buettner, Hubertus Strughold, and Heinz Haber at the U.S.
School of Aviation Medicine.
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2.7.2 Prostheses

Due to the combination of strong support for scientific innovation and the large numbers of people
with war injuries, the German-speaking world led the development of prosthetic limbs from the
beginning of the nineteenth century onward.

While simple, rigid artificial limbs had been used since antiquity, in 1808, Albrecht Ludwig Ber-
blinger (German states, 1770–1829) developed the first prosthetic legs with movable joints, which
made the legs much more practical to use (Fig. 2.209). Berblinger also made early attempts at
developing manned gliders [Harsch and Kriebel 2006].

In the 1890s, Jakob Riedinger (German, 1861–1917, Fig. 2.210) developed a corresponding pros-
thetic arm with movable joints, the “Würzburg working arm.” In addition, from the 1890s through
World War I, he established and helped to run national programs to treat and assist the disabled.

During World War I, Ferdinand Sauerbruch (German, 1875–1951) invented the first prosthetic arms
that could be controlled by residual arm stump muscles, a particularly useful design that became
known as the “Sauerbruch arm” (Fig. 2.210). In 1904, Sauerbruch also invented a pressurized
chamber (the “Sauerbruch chamber”) for much more safely opening the thorax of a patient to
conduct operations on the heart or lungs.

Georg Schlesinger (German, 1874–1949, Fig. 2.210) worked with both Jakob Riedinger and Ferdi-
nand Sauerbruch to design and build improved prosthetic arms and legs during and after World War
I. Schlesinger also spent much of his career improving the standardization, testing, and calibration
of machine tools.

During and after World War II, Ulrich Henschke (German, 1914–1980) and Hans Mauch (German,
1906–1984) developed the Swing-aNd-Stance (S-N-S) hydraulically controlled prosthetic leg, which
has been used worldwide for many decades since then (Fig. 2.211). They also worked on prosthetic
arms, vision systems for the blind, methods of interfacing electronics to the human nervous sys-
tem, aerospace medicine, and aviation controls and simulators. In addition, Henschke developed
brachytherapy methods for treating cancer. Mauch also played a key role in the early development
of jet engines and jet aircraft (p. 1714). For much more information on Henschke and Mauch, see
Section A.2.
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Figure 2.209: Albrecht Ludwig Berblinger developed the first prosthetic legs with movable joints.
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Figure 2.210: Jakob Riedinger developed the first prosthetic arms with movable joints. Ferdinand
Sauerbruch invented the first prosthetic arms that could be controlled by residual arm stump
muscles. Georg Schlesinger worked with both Riedinger and Sauerbruch.
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Figure 2.211: Ulrich Henschke and Hans Mauch developed the Swing-aNd-Stance (S-N-S) leg and
other prostheses. Lower right: An amputee (left) and Henschke (right) demonstrating the leg while
walking down stairs. For more information, see Section A.2.
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2.7.3 Miscellaneous Anatomy, Physiology, and Zoology

Scientists from the greater German-speaking world also made many important contributions re-
garding other aspects of anatomy, physiology, and zoology. A few illustrative examples are shown
in Figs. 2.212–2.214 and discussed below:

Theodor Billroth (German/Austrian, 1829–1894) established and taught many of the key principles
of modern gastrointestinal surgery (Fig. 2.212).

Ernst von Brücke (German, 1819–1892) conducted research on the anatomy and physiology of
everything from chameleons’ color changes to human language.

Karl Friedrich Burdach (German states, 1776–1847) studied the anatomy and physiology of the
brain and other organs, and popularized the term “biology” for the study of organisms.

Julius Cohnheim (German, 1839–1884) made important discoveries in immunology, inflammation,
neuromuscular junctions, histology, and other areas.

Johann Friedrich Die↵enbach (German states, 1792–1847) greatly advanced reconstructive and
plastic surgery.

Gustav Gärtner (Austrian, 1855–1937) did important work in renal physiology, blood pressure
measurement, nutrition, and other areas.

Leopold Gmelin (German states, 1788–1853) conducted research on digestive physiology, biochem-
istry, cellular pigments, and other topics.

Willi Hennig (German, 1913–1976) performed extensive work in comparative zoology and founded
the field of phylogenetic systematics or cladistics.

Rudolf Albert von Kölliker (Swiss, 1817–1905) made discoveries in comparative zoology, embryology,
histology, and the anatomy and physiology of many human organs.

Adolf Kussmaul (German, 1822–1902) was a pioneering physician who gave the first descriptions
of mesenteric embolism, polyarteritis nodosa, progressive bulbar paralysis, the labored breathing
of diabetic ketoacidosis, and the early emotional e↵ects of mercury poisoning. He also worked to
develop novel techniques such as esophagoscopy, gastric lavage, gastroscopy, and pleural tapping.
He discovered dyslexia (p. 259) and the anti-inflammatory e↵ects of acetanilide (p. 267) too.

Carl Ludwig (German, 1816–1895) wrote a textbook on human physiology (1852–1856) and worked
in many areas of physiology, including blood pressure, renal physiology, and anesthesia.

Johannes Peter Müller (German states, 1801–1858) made several important discoveries in physiol-
ogy and other fields of biology, and published his Handbuch der Physiologie des Menschen (Handbook
of Human Physiology) during the period 1833–1840.

Friedrich Tiedemann (German states, 1781–1861) made contributions to neuroanatomy, osteology,
cancer, evolution, and other topics.
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Figure 2.212: Theodor Billroth pioneered abdominal surgery.
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Figure 2.213: Other creators who made significant contributions to knowledge about anatomy and
physiology included Ernst von Brücke, Karl Friedrich Burdach, Julius Cohnheim, Johann Friedrich
Die↵enbach, Gustav Gärtner, and Leopold Gmelin.
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Figure 2.214: Other creators who made significant contributions to knowledge about anatomy and
physiology included Willi Hennig, Rudolf Albert von Kölliker, Adolf Kussmaul, Carl Ludwig, Jo-
hannes Peter Müller, and Friedrich Tiedemann.
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2.8 Botany

Scientists from the greater German-speaking world made many important discoveries in botany,
including:29

2.8.1. How chlorophyll facilitates the process of photosynthesis.

2.8.2. Other aspects of plant physiology and genetics.

2.8.1 Photosynthesis

As shown in Fig. 2.215, plant cells are similar to animal cells, but they are surrounded by a cell wall
and also possess chloroplasts. The chloroplasts contain chlorophyll, a specialized porphyrin molecule
that absorbs light energy, which is then converted into stored chemical energy in a process called
photosynthesis. The structure of chlorophyll and the biochemical steps involved in photosynthesis
are quite complex, and a number of scientists were involved in elucidating their details (Figs. 2.216–
2.218). Due to the overlapping and scientifically complex nature of their work, these creators are
simply listed alphabetically below with very brief descriptions of their contributions.

Hans Fischer (German, 1881–1945) won the Nobel Prize in Chemistry in 1930 for his discov-
eries regarding the structure and synthesis of chlorophyll (as well as heme from hemoglobin–
see p. 322). In awarding Fischer the Nobel Prize, Professor H.G. Söderbaum, Chairman of the
Nobel Committee for Chemistry of the Royal Swedish Academy of Sciences, praised his work
[www.nobelprize.org/prizes/chemistry/1930/ceremony-speech/]:

[...] Even if I add that Fischer has demonstrated the occurrence of haemin in yeast, all
this is overshadowed by the fact that, chemically speaking, the pigment of green plants,
i.e. chlorophyll, is closely related with the red blood pigment, and even derives, as
Fischer has shown, from exactly the same parent substance, as regards the porphyrins.

This shows that Nature in spite of her extravagant diversity was su�ciently economical
to use exactly the same building material when constructing these two substances which
are so greatly di↵erent in appearance and occurrence.

Having completed his work on the blood pigments and their components by the haemin
synthesis, Fischer turned with undiminished energy to research into chlorophyll. In this
field, where a scientist has previously gained a Nobel Prize, but where much work
remained to be done, conditions are even more complicated and the di�culties as a
consequence are even greater than in the other field. Nevertheless, Fischer obtained
results which are so important that the Academy has considered it fitting to include
them in the award.

29Bateson 1909; Corcos and Monaghan 1993; Deichmann 1996; Dostal 2016; Edelson 1999; Goppelsröder 1901;
Henig 2000; Jahn 2004; Junker 2004; Kaplan and Cooke 1996; Magner 2002; Mawer 2006; Miller 1988; Richards 2004;
Taschwer 2016; Wulf 2015.
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James Franck (German, 1882–1964) was a quantum and nuclear physicist who spent his whole
career studying various ways that light can interact with matter; he won the Nobel Prize in Physics
in 1925 for part of that work, as discussed on p. 879. As just one aspect of that general inter-
est, Franck conducted important experimental and theoretical analyses of the physics underlying
photosynthetic interactions between light and chlorophyll molecules.

Friedrich Goppelsröder (Swiss, 1837–1919) demonstrated one-dimensional chromatography meth-
ods both in filter paper and in capillary tubes in 1861, and continued working to improve and to
apply chromatography for several decades [Schönbein 1861; Goppelsröder 1861]. In particular, he
used chromatography to separate and analyze the colored pigments from a wide variety of plant
leaves [Goppelsröder 1901]. Some of the later scientists listed in this section ultimately found that
some of those separated pigments were various forms of chlorophyll and related photosynthetic
pigments. See pp. 697–700.

Like Hans Fischer but much earlier, Felix Hoppe-Seyler (German, 1825–1895) also purified and
analyzed both hemoglobin and chlorophyll, and his studies became the foundation for the later
work by Fischer and others.

Robert Huber (German, 1937–), Johann Deisenhofer (German, 1943–), and Hartmut Michel (Ger-
man, 1948–) identified the mechanisms of photosynthesis in certain types of bacteria that can
convert sunlight. Photosynthetic bacteria are environmentally important in their own right, and
they were also the ancestors of photosynthetic plant chloroplasts. For this research, Huber, Deisen-
hofer, and Michel won the Nobel Prize in Chemistry in 1988. Professor Bo G. Malmström of the
Royal Swedish Academy of Sciences explained the importance of their discoveries
[www.nobelprize.org/prizes/chemistry/1988/ceremony-speech/]:

For a long time it has been impossible to prepare membrane-bound proteins in a form
allowing the determination of the detailed structure in three dimensions. [...] But the
situation had actually drastically changed in 1982, when Hartmut Michel thanks to sys-
tematic experiments succeeded in preparing highly ordered crystals of a photosynthetic
reaction center from a bacterium. With these crystals he could in the period 1982–1985,
in collaboration with Johann Deisenhofer and Robert Huber, determine the structure
of the reaction center in atomic detail.

The structural determination awarded has led to a giant leap in our understanding of
fundamental reactions in photosynthesis, the most important chemical reaction in the
biosphere of our earth. But it has also consequences far outside the field of photosyn-
thesis research. Not only photosynthesis and respiration are associated with membrane-
bound proteins but also many other central biological functions, e. g. the transport of
nutrients into cells, hormone action or nerve impulses. Proteins participating in these
processes must span biological membranes, and the structure of the reaction center has
delineated the structural principles for such proteins. Michel’s methodological contri-
bution has, in addition, the consequence that there is now hope that we can determine
detailed structures also for many other membrane proteins. Not least important is the
fact that the reaction center structure has given theoretical chemists an indispensable
tool in their e↵orts to understand how biologic electron transfer over very large dis-
tances on a molecular scale can occur as rapidly as in one billionth (American English,
trillionth) of a second. In a longer perspective it is possible that such research can lead
to important energy technology in the form of artificial photosynthesis.
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Jan Ingenhousz (Dutch, worked in Austria, lived 1730–1799) demonstrated that plant leaves produce
oxygen when in the light and carbon dioxide when in the dark, and that part of a plant’s mass
must come from the air.

Hans Kornberg (German, 1928– ) studied photosynthetic pathways in bacteria and related those
to photosynthetic molecules and reactions in plants.

Max Rudolf Lemberg (German, 1896–1975) spent his career investigating the structure and function
of porphyrins, including those for chlorophyll, hemoglobin, and several cytochromes.

Hilde Levi (German, 1909–2003), a quantum and nuclear physicist, worked with James Franck to
purify chlorophyll molecules and analyze the light absorption and emission spectra of chlorophyll.

Julius von Mayer (German, 1814–1878) clearly articulated and was an important early advocate
of the general principle of photosynthesis, that plants convert absorbed light energy into stored
chemical energy.

Helmut Metzner (German, 1925–1999) made highly accurate measurements of photosynthetic re-
actions that refined our understanding of the detailed processes involved.

Julius von Sachs (German, 1832–1897) demonstrated that photosynthesis in leaves produces starch
molecules, a key discovery in understanding the fundamental role of photosynthesis.

Nicolas-Théodore de Saussure (Swiss, 1767–1845) made careful experimental measurements demon-
strating that photosynthetic reactions require both water and carbon dioxide as input materials.

Cornelius Bernardus van Niel (Dutch, 1897–1985) pioneered the study of photosynthetic pathways
in bacteria. His work was later continued by Hans Kornberg, Robert Huber, Johann Deisenhofer,
and Hartmut Michel.

Otto Heinrich Warburg (German, 1883–1970) investigated the catalytic mechanism and quantum
e�ciency involved in photosynthesis. He should not be confused with his distant older cousin Otto
Warburg (1859–1938), who made other contributions to botany (p. 412). Otto Heinrich Warburg
won the Nobel Prize in Physiology or Medicine in 1931 for his work on cellular respiration, which
is essentially photosynthesis with all of its biochemical steps run in reverse (p. 145).

Building upon the earlier work by Friedrich Goppelsröder, Richard Willstätter (German, 1872–
1942) identified di↵erent types of chlorophyll and other plant pigment molecules and determined
their empirical formulas. For those discoveries, he won the Nobel Prize in Chemistry in 1915. At
the award ceremony, Professor O. Hammarsten, Chairman of the Nobel Committee for Chem-
istry of the Royal Swedish Academy of Sciences, described the importance of Willstätter’s work
[www.nobelprize.org/prizes/chemistry/1915/press-release/]:

The di�culties, however, which confront research scientists in this field have been so
great that until very recently they have prevented a successful study of the problem
of chlorophyll. Willstätter is the first, jointly with several of his students, to have been
successful in overcoming these di�culties by working out new and very valuable methods
and by extensive investigations carried out with masterly experimental skill. By the
new and important discoveries resulting from these investigations he has been able to
elucidate in all its essential parts the question of the chemical nature of chlorophyll. [...]
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The most important part of Willstätter’s investigations is, nevertheless, that relating to
the detection of the chemical structure of chlorophyll. He has shown that chlorophyll is
an ester, which on saponification with alkali can be split up into a previously unknown
alcohol called “phytol”, which represents about one third of the molecule, and a colour
component called “chlorophyllin”, containing magnesium, which forms the remaining
part. He has more closely investigated these two components both individually and
for their transformation and decomposition products. Furthermore, he has found that
this splitting-up of chlorophyll into the two mentioned main components can also take
place as a result of the action of an enzyme occurring in the leaves, which he has called
“chlorophyllase”, and hence he has been able to elucidate the nature of the crystallized
chlorophyll. [...]

A very important section of Willstätter’s work on the chemical structure of chlorophyll
is represented by his investigations into the colour components, the “chlorophyllin”, and
other “phyllins” and derivatives formed from it. These investigations are of particular
interest with regard to the question of the relationship between blood pigment and
chlorophyll. [...]

He has also prepared in a pure state and studied exhaustively the yellow pigments, the
so-called carotenoids, which occur together with chlorophyll in the leaves of plants. By
means of the results obtained regarding both these yellow pigments and the chlorophylls
he has paved the way for new biological researches into the part played by the di↵erent
leaf pigments in the assimilation of carbonic acid.
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Figure 2.215: Plant cells are similar to animal cells, but they are surrounded by a cell wall and
also possess chloroplasts. The chloroplasts contain chlorophyll, specialized porphyrin molecules that
absorb light energy, which is then converted into stored chemical energy.
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Figure 2.216: Some creators who made significant contributions to knowledge about photosynthesis
included Johann Deisenhofer, Hans Fischer, James Franck, Friedrich Goppelsröder, Felix Hoppe-
Seyler, and Robert Huber.
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Figure 2.217: Other creators who made significant contributions to knowledge about photosynthesis
included Jan Ingenhousz, Hans Kornberg, Max Rudolf Lemberg, Hilde Levi, Julius von Mayer, and
Helmut Metzner.
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Figure 2.218: Other creators who made significant contributions to knowledge about photosynthesis
included Hartmut Michel, Julius von Sachs, Nicolas-Théodore de Saussure, Cornelius Bernardus
van Niel, Otto Heinrich Warburg, and Richard Willstätter.
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2.8.2 Other Aspects of Botany

There were a huge number of scientists in the predominantly German-speaking scientific world who
made important discoveries regarding plant properties other than photosynthesis. This section can
only briefly mention a few illustrative examples (Figs. 2.219–2.222).

Willem Hendrik Arisz (Dutch, 1888–1975) contributed to many areas of botany over his long career,
but is perhaps best remembered for his work on the mechanisms of phototropism.

Franz Andreas Bauer (Austrian, 1758–1840) discovered plant cell structures under the microscope
and produced thousands of highly detailed color paintings and drawings of the microscopic and
macroscopic features of a vast variety of plants.

Martinus Beijerinck (Dutch, 1851–1931) discovered nitrogen fixation, the process by which bacteria
living in root nodules of plants convert atmospheric nitrogen gas into ammonia that plants can
absorb and utilize.

Alexander Braun (German, 1805–1877) made important discoveries regarding plant morphology,
phyllotaxis, plant cell structure, and other aspects of botany.

Ferdinand Cohn (German, 1828–1898) investigated algae and plants under the microscope, recog-
nized that algae are simple single-celled plants, and conducted experiments on plant physiology.

Friedrich Johann Franz Czapek (Austrian/Czech, 1868–1921) studied and synthesized new bio-
chemical discoveries that were applicable to plants in his highly influential three-volume reference
work, Biochemie der Pflanzen.

Heinrich Anton de Bary (Germany, 1831–1888) identified and studied plant pathogens such as the
fungi that cause potato (late) blight and stem (wheat) rust, showed that lichens are a symbiosis of
algae and fungi, and studied other aspects of algae and plant physiology.

Augustin de Candolle (Swiss, 1778–1841) developed and published a hugely detailed system of
classifying plants and proposing their potential evolutionary relationships. He also demonstrated
intrinsic circadian rhythms in plants kept under conditions of constant light.

Gottlieb Haberlandt (Austrian, 1854–1945) developed plant cell tissue culture and also discovered
totipotency, the ability of some “stem” cells to give rise to any type of specialized cell in an organism,
in 1902. He was the father of Ludwig Haberlandt, who developed oral contraceptives (p. 352).

Wilhelm Hofmeister (German, 1824–1877) discovered the alternation of generations in plants, was
one of the first scientists to observe and record plant chromosomes under the microscope, greatly
advanced the study of plant embryology, and proposed a theory for the evolution of plant species.
His botanical discoveries were so numerous and so revolutionary that he deserves far more fame
than he has generally received [Kaplan and Cooke 1996].

Alexander von Humboldt (Prussian, 1769–1859), traveled the world conducting scientific studies,
and essentially founded the field of botanical geography. He also made other contributions to botany,
as well as geography, meteorology, archaeology, and other subjects [Wulf 2015].

Gregor Mendel (Austrian, 1822–1884) discovered the rules of genetics using plants he grew at his
monastery (p. 94). He also studied asexual reproduction in hawkweed and identified several new
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species of plants.30

Franz Meyen (Prussian, 1804–1840, Fig. 2.1), a botanist and microscopist, published a very impor-
tant series of plant physiology books in the 1830s. Among other critical insights during his short
life, he wrote that plants were divided into many similar cells, and that new cells arose from the
division of existing cells.

Hugo von Mohl (German, 1805–1872) observed the structure of plant cells under the microscope
and recorded cell division in algae in 1835. He also spent decades observing and cataloging the
microscopic and macroscopic structures of a wide range of plants.

Ernst Münch (German, 1876–1946) made major discoveries in plant physiology, tree breeds and
species, pine resin, and plant pathology (including blue stain fungi and disease resistance). He is
best remembered for his pressure flow hypothesis of nutrient transport in plants.

Wilhelm Pfe↵er (German, 1845–1920) was responsible for important findings regarding growth,
movement, and metabolism in plants. He also discovered the significance of osmotic pressure, and
he developed methods to measure it.

Wilhelm Ruhland (German, 1878–1960) had a long career conducting botanical research, but his
greatest contribution was writing the 18-volume Handbuches der Pflanzenphysiologie, which was
finally published at the end of his life.

Matthias Schleiden (German 1804–1881, Fig. 2.2) studied a variety of plants and plant tissues under
the microscope and was one of the first scientists to recognize that larger organisms are divided
into many similar cells. He studied the cell nucleus, cell division, and other aspects of plant cells.

Eduard Strasburger (Polish, studied and worked in Germany, 1844–1912) studied the embryology
of gymnosperms and angiosperms, monitored plant chromosomes in cell division, and made other
contributions to plant physiology and cell biology.

Gottfried Reinhold Treviranus (Bremen, 1776–1837) proposed a theory of plant evolution and
studied the relationships among plant species. He was the older brother of Ludolph Treviranus.

Ludolph Christian Treviranus (Bremen, 1779–1864) made a wide variety of contributions to plant
taxonomy, embryology, and physiology. He was the younger brother of Gottfried Treviranus.

Otto Warburg (German, 1859–1938) was an important expert on tropical agriculture. He should
not be confused with his distant younger cousin Otto Heinrich Warburg (1883–1970, p. 405).

Frits Warmolt Went (Dutch, 1903–1990) studied plant hormones. In 1927, he discovered the role
of the plant hormone auxin in phototropism.

Fritz von Wettstein (Austrian, 1895–1945) made a number of important discoveries regarding
chloroplast genetics and plant chromosomes. He was the son of Richard Wettstein von Wester-
sheim.

Richard Wettstein von Westersheim (Austrian, 1863–1931) developed and published an extremely
detailed system of classifying plants, and was the father of Fritz von Wettstein.

30Bateson 1909; Corcos and Monaghan 1993; Dostal 2016; Edelson 1999; Henig 2000; Mawer 2006.
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Figure 2.219: Some creators who made significant contributions to knowledge about botany included
Willem Hendrik Arisz, Franz Andreas Bauer, Martinus Beijerinck, Alexander Braun, Ferdinand
Cohn, and Friedrich Czapek.
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Figure 2.220: Other creators who made significant contributions to knowledge about botany in-
cluded Anton de Bary, Augustin de Candolle, Gottlieb Haberlandt, Wilhelm Hofmeister, Alexander
von Humboldt, Gregor Mendel (shown on p. 94), and Franz Meyen.
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Figure 2.221: Other creators who made significant contributions to knowledge about botany in-
cluded Hugo von Mohl, Ernst Münch, Wilhelm Pfe↵er, Wilhelm Ruhland, Matthias Schleiden, and
Eduard Strasburger.
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Figure 2.222: Other creators who made significant contributions to knowledge about botany in-
cluded Gottfried Treviranus, Ludolph Treviranus, Otto Warburg, Frits Warmolt Went, Fritz von
Wettstein, and Richard Wettstein von Westersheim.


