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The Cell Membrane: A Historical Narration

Hicre Membraninin Kesfi: Tarihsel Bir Bakis

i Kiibra Tugce KALKAN, ® Mukaddes ESREFOGLU

Bezmialem Vakif University Faculty of Medicine, Department of Histology and Embryology, Istanbul, Turkey

ABSTRACT

The discovery of the structural elements of the cell has been entirely
dependent on technological inventions. Although the discovery
of cell membranes is thought to be in parallel with the discovery
of microscopes, this is not exactly true. In the early 1660s, Robert
Hooke made his first observation using a light microscope. In 1665,
he examined a piece of fungus under a light microscope and he
called each space as “ce//ula”. It was not already possible for him to
see cell membranes with the primitive light microscope he used in
this study. Also because the cells he was trying to study were plant
cells, the lines that actually bounded the “cel/ula” were not the cell
membrane, but the cell wall.In the following years,in addition to
the microscopic observations, various physio-chemical studies were
done in order to explore the structural and functional properties of
the plasma membranes. In this review, the historical journey of the
plasma membrane was summarized.
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Introduction

Molecular Properties of Cell Membrane: Eukaryotic cells are
surrounded by cell membranes consisting of various molecules
(1). In addition to protecting cells from various harmful factors,
cell membranes create a regulated internal environment. The
main components of membranes are phospholipids, proteins
and carbohydrates. A double layer of phospholipids forms the

main membrane skeleton. Proteins can be found either sprinkled

0z

Hiicrenin yapisal elemanlarinin kesfi tamamen teknolojik buluslara
bagimli olmustur. Her ne kadar hiicre membranlarinin kesfinin
mikroskoplarin kesfiyle paralel oldugu diisiiniilse de bu tam olarak
dogru degildir. Bin alt yiiz altmish yillarin basinda Robert Hooke
ilk 1stk mikroskobik gézlemini gerceklestirmistir. 1665 yilinda
15tk mikroskop altinda bir mantar parcasini inceleyerek gordiigii
bosluklari “cellula’ olarak isimlendirmistir. Bu incelemede kullandigt
ilkel 15tk mikroskobu ile hiicre membranlarini gormesi zaten
miimkiin degildi. Ayrica incelemeye calistigt hiicreler bitki hiicreleri
oldugu icin, aslinda hiicreleri sinirlayan cizgiler hiicre membrant
degil, hiicre duvartyd:. ilerleyen yillarda mikroskobik gozlemlere
ilaveten cesitli fizyokimyasal caligmalarla hiicre membranlarinin
yapisal ve fonksiyonel zellikleri agiklanmaya calisildi. Bu derlemede
hiicre membranlarinin kesfi ile ilgili calismalar tarihsel bir bakis acist
ile 6zetlenmistir.

Anahtar Sézciikler: Hiicre membrani, mikroskobi, tarih

inside this layer or clinging to the outer faces. Carbohydrate
molecules cling to integral proteins or phospholipids (2). The
current membrane model describing the structure and functions
of membranes is the “Fluid mosaic model” (Figure 1). This
description was first used by Singer and Nicolson (3) in the early
1970s. The fluid mosaic model has been modified by various
researchers after its initial identification and has become the final

form that is valid today (1).
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According to the fluid mosaic model, membranes are basically
composed of lipids, proteins and carbohydrates. The main
skeleton of the membranes is formed by phospholipids, which are
organized into two layers. Each phospholipid molecule has one
hydrophilic and one hydrophobic region (4). The hydrophobic
region or apolar region of each molecule is located facing the
center of the membrane. Conversely, hydrophilic tip settles facing
out of the layer (5). Membrane proteins are classified according
to their location. One of these, integral membrane proteins (also
called intrinsic proteins), is fully or partially embedded in the
phospholipid layer. Integral membrane proteins that move across
the membrane and extend from one end of the membrane to the
other are called “transmembrane proteins”. Peripheral membrane
proteins (also called extrinsic proteins) hold onto the surfaces
of the membrane temporarily by weak connections. According
to the fluid mosaic model, the third main element of the
membrane is carbohydrates. These molecules form glycoproteins
by clinging to proteins and glycolipids by clinging to lipids (6).
There are many important features described by Singer and
Nicolson (3) in relation to the fluid mosaic model. Some of
these are fluidity, viscosity, continuity and asymmetry. Due to
its fluidity property, molecules in the membrane can move in the
lateral or vertical direction (7). The movement of molecules is
regulated in such a way as to provide an optimum environment
for the full function of membrane-bound enzymes and receptors,
thanks to the viscosity, which is defined as the resistance of a
liquid to flow. Membrane viscosity may vary according to the
arrangement of membrane components (3,8). The inner and
outer media are selectively separated from each other by means of
continuity, which is another membrane feature, and a regulated
inner environment is created. Thus, the integrity of the cell is
maintained (3). Asymmetry is a natural result of asymmetric
placement of membrane components including phospholipids,
enzyme-specific or receptor-qualified

proteins  (structural,

proteins) and carbohydrates (9).

Membranes are seen as three layers at the electron microscopic
level. In the middle of the two dense layers located on the outside
is a less dense third layer. This appearance of membrane is called
“unit membrane”. This view is entirely related to the arrangement
of membrane molecules (Figure 1).

History of Cell Membranes: Before the discovery of the cell and
membranes, the discovery of systems to display these structures
was necessary. The first in history was in 1590 when Zacharias
Jansen, a German eyewear manufacturer, invented a prototype
light microscope (10). Nineteen years after that, Galileo Galilei,
an Italian scientist, made a light microscope (11). Despite the
invention of the microscope, viewing the cells took place years
later. For identification of the cell membrane, a wide variety of
research has been done between the 16™ and 19 centuries (12).
The great scientist considered to be the father of optics is Robert
Hooke (13). Microscopically, he studied plants, molds, sands
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and fleas. He discovered the cell and named it. He also pioneered
the studies of elasticity. He made significant contributions to the
fields of physics, chemistry, meteorology, geology and biology
(14). In the early 1660s, together with Robert Hooke, Christopher
Wren, Thomas Willis and several other researchers in the Oxford
experimental group, they made their first observations using a
light microscope. Hooke emigrated to London in 1663, where
he began writing his novel “Micrographia” (15). In 1665, while
examining a piece of fungus under a light microscope, he saw gaps
and gave them the name “ce//ula”, which naturally meaned space
(16). Six years after the publication of the book “Micrographia”,
two important papers were sent to the Royal Society of London
by the English botanist Nehemiah Grew (1641-1712) (17,18)
and the Italian anatomist Marcello Malpighi (1628-1694) (19).
Unbeknownst to each other, these two scientists had described
the micro-anatomy of plants. Malpighi had also described
the micro-anatomy of animal cells. Because the cell structures
of plants were more prominent than those of animals, initial
investigations were conducted in plants (20).

In 1672, Nehemiah Grew made the description of “mass of
bubbles” in relation to plant parenchyma (17). In 1682 he
reported that the cell membrane resembled a lace-like material
(18). In Grew’s view, not only the fibers in the tissue but also
the gaps between the fibers were consistent with each other.
During the same period, he suggested that the plant cell wall
was an uninterrupted layer that enveloped the cell (21). Malpighi
predicted that cells were not simply distances located between
membranes, but separate units surrounded by the cell wall
(19,12). The strongest supporter of Grew’s view was the French
botanist Brissseau de Mirbel. This researcher also acknowledged
that both plant cavities and their fibers showed continuity, that
all plant organisms had membrane systems, and that the cells
observed between membranes were parts of this continuum
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Figure 1. The relationship of membrane molecules with the
three-layer unit membrane structure is clearly seen. The
outer dark regions correspond to the hydrophilic heads
of phospholipid molecules, while the lighter region in the
middle corresponds to the hydrophobic tail regions of these
molecules. Proteins are found in the membrane or on the
periphery of the membrane; carbohydrates can be found
bound on proteins or lipids (Illustration: M. Esrefoglu)
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Table 1. Only a fraction of membrane-related studies have been shown (Table: M. Esrefoglu)

Researcher
Zacharias Jansen
Robert Hooke
Christopher Wren
Thomas Willis
Robert Hooke
Robert Hooke
Galileo Galilei
Nehemiah Grew
Marcello Malpighi
Nehemiah Grew

Nehemiah Grew

Jean-Baptiste Lamarck

Charles Francois Brisseau de Mirbel

Ludolph Christian Treviranus

Matthias Jakob Schleiden

Matthias Jakob Schleiden

Theodor Schwann

Carl von Négeli

Nathaniel Pringsheim

Carl von Nageli and Karl Cramer
Franz Von Leydig

Franz Von Leydig

Franz Von Leydig

Wilhelm Hofmeister

Moritz Traube

Wilhelm Pfeffer

Hugo De Vries and Hartog Jakob Hamburger

Lord Rayleigh

Hartog Jacob Hamburguer

Date
1950
1660
1660
1660
1663
1665
1969
1669
1669
1672
1682

1809

1809

1811
1837

1837

1839

1844

1854

1855

1857

1860s

1860s

1867

1867

1877

1884

1890

1896

Research/result

He developed the prototype light microscope

He first made microscopic observation

He made the first observation at light microscopic level
He made the first observation at light microscopic level
He wrote the book ‘ Micrographia’

He studied and named the plant cell

He developed light microscope

He described the micro-anatomy of plants

He described the micro-anatomy of plants and animals
He suggested the concept of ‘mass of bubbles’ for plants
He likened the cell membrane to lace

In his book “Philosophie Zoologique” he wrote that membranes
were the product of cellular tissues

In his book “Expositioni de la Theorie de I'Organization Vegetale”
he wrote that plants were made up of cells

He isolated plant cells
He showed that every plant cell had a nucleus

He suggested that there was a general mechanism of
development for all plant cells

He suggested that there was a universal mechanism related to the
development of animal cells

He observed that the volumes of algae varied in hypertonic and
hypotonic solutions (membrane permeability studies)

He showed that there was a membrane around protoplasts of
which permeability varied depending on conditions

They showed that the volumes of plant cells varied in hypertonic
and hypotonic solutions (membrane permeability studies)

He rejected the existence of cell membranes

He accepted cell membranes as secondary structures resulting
from hardening of the cell surface

He described the cell as a soft substance containing the nucleus,
wrapped in a membrane

He reported that the protoplasts that made up the beetroot
shrank in concentrated NaCl solution

He developed Traube'’s presipitation membrane, conducted
osmotic studies on the membrane

He was able to produce more robust precipitation membranes,
conducted osmotic studies on the membrane and suggested that
the membrane was semi-permeable

They showed that many solutions applied equal osmotic pressures
at equal concentrations in plant and animal cells

He examined the distribution of olive oil on the surface of the
water and measured its thickness

He developed Hamburger's solution and conducted osmotic
studies with erythrocytes
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Table 1 contiuned

Charles Ernest Overton 1899
Nathanson 1904
Irving Langmuir 1917
Fricke 1923
Evert Gorter and Francoise Grendel 1925
Harvey and Kennet S. Cole 1932
James Frederic Danielli and Hugh Davson Fricke 1935
James Danielli and Hugh Davson 1935
James Danielli 1936
J. David Robertson 1959
Brady RO and Trams EG 1964
Seymour Jonathan Singer and Garth L. Nicolson 1972

structure (20). In the 2" edition of the book “Philosophie
Zoologique” prepared by Lamarck in the early 1800s, one
section was reserved for cellular tissue. In this section, Lamarck
wrote: “Membranes, known for many years to form the covering
of the brain, nerves, all types of veins, glands, organs, muscles
and muscle fibers, and even the skin of the body, are products
of cellular tissues in general” (22). Charles Francois Brisseau de
Mirbel published the 2 edition of his book “Expositioni de la
Theorie de I'Organization Vegetale” in 1809 when Lamarck’s
book was published. The general conclusion of this book was:
“Plants are composed of cells, and all sections are caused by
membranous tissue that is continuous with each other” (23).
This hypothesis finally gained acceptance at the beginning of
the 19 century when Treviranus, Moldenhawer and Dutrochet
managed to separate plant cells using different methods century
(12). Ludolph Christian Treviranus (24) and Johann Jacob Paul
Moldenhawer (25) claimed that the cells were individually
separable units. All opinions enabled Henri Dutrochet to form
the basic doctrine of the modern cell theory. According to this,
“Cells are the basic elements of organization” (26). Johann
Heinrich Friedrich Link stated that pigments could not pass
from one cell to the neighboring cell unless the cell wall broke
down. This opinion contradicted Mirbel’s view that the gaps
were continuous (12,27). Seeing the limits of most living cells
except mature plant cells was unlikely at the light microscopic
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He showed that the membrane was in lipid structure, conducted
studies on necrosis and became the first “membranologist”

He proposed the mosaic membrane theory

He showed that hydrocarbon chains were flexibile, not spread
flat on the surface of the water, but curled. His study was
fundamental to understanding the bilayer structure of the cell
membrane

He calculated that the cell membrane was only 4-nm thick

They dissociated lipids from the erythrocyte membrane,
suggesting the molecules could make double or single layers

They suggested the membrane was surrounded by proteins
They developed the "Paucimolecular” membrane model
They developed the sandwich membrane model

He developed a series of additional membrane models

He identified the unit membrane and its corresponding
molecules (though not exactly accurate) by electron microscopic
examination

They described some properties of the current membrane model
(proteins enter the lipid layer, the membrane is fluid, etc.)

They proposed Singer and Nicholson'’s fluid mosaic membrane
model

level (28). It was extremely difficult to detect the fine structure
of cells with primitive light microscopes at that times. A large
number of studies were done in the 1800s, especially with plant
cells. Matthias Jakob Schleiden (1804-1881), a Hamburg-born
botanist, shifted the focus of plant Studies from classification
research to structural research. Schleiden suggested that each
plant cell had a nucleus, which was evidence of the cell’s
existence. In 1837 Schleiden adopted the idea that there was a
general mechanism of development for all plant cells (29). In
1838, while Schleiden and Theodor Schwann enjoyed sipping
their coffee after dinner, Schleiden began excitedly talking about
the universality of plant cells. Theodor Schwann, born in Neuss
in 1810, was a professor of physiology at the University of
Louvain. Schwann suddenly realized how much Schleiden’s work
resembled his own. He himself had observed that all the species
he was working on were composed of distinguishable units or
cells (28). In 1839, Schwann adapted Schleiden’s hypothesis to
animal cells, suggesting that there was a universal mechanism
related to cell development (30). Several contradictory opinions
have been raised over the years following Robert Hooke’s
miraculous description of the cell. The fact that animal cells did
not contain the cell wall seen in plant cells, even though they
contained nuclei and protoplasm, caused confusion about the

definition of cell (31).

In the early 1890s, cell membranes were generally considered
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to be mandatory or elective secondary structures. In 1857, the
first author to explicitly reject the existence of cell membranes
was Franz Von Leydig. Leydig then reassessed cells and cellular
structures as a result of a series of observations (12,32). He
described the cell as a soft substance containing the nucleus,
wrapped in a membrane (33). He attributed this view to the
fact that membranes were not always visible. He simply depicted
the cell as “A substance resembling a sphere in shape, with an
object called a nucleus in its middle” (12). He considered cell
membranes to be secondary structures caused by hardening of the
cell surface. In these times, various methods were used to show
the presence of cell membranes. These methods were generally
osmotic study methods that assumed that cell membranes were
semi-permeable (34).

In 1844, Carl von Nigeli and observed that protoplasts of some
algae (e.g. Nitella and Bryopsis) moved away from their walls
when placed in various condensed solutions, and when dilute
solutions replaced condensed solutions, they returned back to
their former size. Nigeli and Nathaniel Pringsheim (1854), who
understood that protoplasts had osmotic properties which were
defined for animal bladder by Jean-Antoine Nollet and Henri
Dutroched, concluded that there must be a membrane around
protoplasts whose permeability varies depending on conditions
(33). In the second half of the 19th century, a simple experimental
idea launched a new hypothesis regarding cell boundaries (35).
In 1855, Nigeli and Karl Cramer reported their observation
that when plant cells were put into a hypertonic solution, they
shrinked and the protoplasm moved away from the cell wall.
On the contrary, when they were put into a hypotonic solution,
the cytosol swelled and almost burst (36). In 1867, Wilhelm
Hofmeister reported that the protoplasts forming the beetroot
shrink in concentrated NaCl solution. Soon after, Hugo de Vries
conducted similar plasmolytic studies in Tradescantia discolor
epidermal cells. He also observed protoplasts moving away
from the cell wall during the experiment. Hugo de Vries called
this event “plasmolysis” (33). Not long after, another German
scientist, Hartog Jakob Hamburger studied the entrance and
exit of water into red blood cells based on the osmotic pressure
of the solution in which they were found. He specifically
investigated the effects of dilution leading to hemolysis at the
last point. Osmotic studies, which took place in a similar way
over time, began to be done more. In 1884, Hugo de Vries and
Hamburguer succeeded in using plant and animal cell models
to show that many solutions applied equal osmotic pressures
at equal concentrations (37). Although today the analysis of
these results seemed to be very simple, at that time it was not
considered decisive as the membranes still could not be displayed
(12).

In 1867, Moritz Traube designed special membranes to create
“artificial cells” with the aim of studying events such as growth
and osmosis in living cells (33). The “Traube precipitation

membrane’ contained molecules at the interface of a potassium
ferrocyanide solution and a copper sulfate solution. This
membrane was semi-permeable. Traube cells were able to spread
rapidly towards bud-like living cells, but the artificial membranes
were not strong enough to resist the osmotic pressure that arose
within them. They were therefore easily disintegrated. Working
to overcome this problem, Wilhelm Pfeffer was able to produce
more robust precipitation membranes in 1877. He conducted a
series of experiments explaining the connection between these
membranes and osmotic pressure, concentration and temperature
of the solution (38). In 1877 Pfeffer, a botanist, was influenced
by physiochemical studies and suggested that a plasma membrane
or skin covered the outer face of the protoplasm (33). Accoding
to this scientist’s idea, the membrane he was referring to was
similar to the artificial membrane. Pfeffer concluded that the
cell barrier must be thin and semi-permeable with data from his
studies on the osmotic properties of plasma membranes that have
not yet been imaged (39). With these results he revealed that the
barrier acted like an invisible skin, allowing water to selectively
freely pass into and out of the cell, but limiting the passage of
salt and sugar (40). In 1896, the German physiologist Hartog
Jacob Hamburguer invented a crystalloid solution (normal saline
solution), which took the name “Hamburger’s solution”. This
salt solution, thought to be in osmolality equal to human blood,
did not naturally lead to hemolysis in red blood cells (37). Nearly
20 years after Wilhelm Pfeffer came up with his ideas, Overton
showed that the permeability barrier -the cell membrane- was in
the lipid structure. Charles Ernest Overton (1899) was regarded
as the first true ‘membranologist’ with this view. Overton’s main
work on understanding membranes was permeability studies
(40). Overton carried out many important studies in this area.
According to this scientist, a saturated outer boundary layer of
a cell was the determinant of the osmotic properties of a living
cell. Active events related to diffusion and metabolism played a
role in the exchange of soluble matter between the cell and its
environment. Na/P exchange was important in muscle and nerve
stimulation. Overton also added important milestones to science
about the theory of necrosis. In times when Overton did these
studies, physics studies for cell surface properties in addition to
the plasmolysis studies were also developing (40). In the late
1700s, Benjamin Franklin described for the first time that a drop
of oil was emitted on the surface of the water in the form of a
thin layer (35). In 1890 Lord Rayleigh observed the movement
of olive oil on the water surface and estimated the thickness of
this layer to be 10-20 A (41). Agnes Pockels, a German pioneer
in chemistry, conducted experiments using kitchen bowls, wires
and buttons in the kitchen sink. He developed his own device
to precisely measure the thickness of the oil layer on the water
surface (42). In 1904 Nathanson put forward a mosaic membrane
theory. According to this theory, the cell membrane was not a
simple membrane, but rather contained mosaic domains with

properties similar to Traube’s presipitation membrane (artificial
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membrane). Such a mosaic membrane could provide different
pathways for the entry of soluble or insoluble materials (43).

Development of the Unit Membrane Model: In 1917,
Irving Langmuir discovered that with the help of a decoy,
the oil molecules spontancously spread across the water and
air interfaces. By measuring the thickness of this layer, he
presented the first evidence that this area had a monomolecular
characteristic. In an excellent article on the subject, he stated that
the propagation in this way created a monomolecular layer on
the surface of the water. He calculated the field of each molecule
with a simple arithmetic. He also showed that hydrocarbon chains
were flexibile, not spread flat on the water surface, but rather
curle. This study was fundamental to understanding the bilayer
structure of the cell membrane. Langmuir membranes were a
key model of experimentation with historical characteristics
associated with our modern perspective of biological membranes.
In 1925, Evert Gorter and Francoise Grendel dissociated lipids
from red blood cells. They calculated that the surface area of the
lipid molecules they decomposed was about twice the surface
area of the cells themselves. They showed that molecules could
make single or double layers (45). The work of these scientists
made the concept of the lipid double layer popular at the time.
It also opened the door to the identification of the molecular
structure of the membrane.

Studies on the membrane continued between 1920 and 1930.
Fricke showed that the cell membrane was only 4-nm thick in his
study on the measurement of the resistance of the cell membrane.
As a result of their studies of membrane surface resistance in
various cells, Harvey and Cole suggested that the membrane
surface was not bare, but rather surrounded by proteins. This
model was detailed in a review article by Danielli and Davson
in 1935. In 1935, James Frederic Danielli and Hugh Davson
Fricke developed a ‘paucimolecular’ model, in which molecular
details were kept to a minimum by compiling the results of
Gorter, Grendel and other scientists. Danielli and Davson
proposed that there was a nonpolar lipoid center between the
bilayer amphipathic lipoid molecules in the model. They noted
that on both sides of the membrane there were protein layers at
least one molecule thick above the lipoid layer, this placement
was due to the inability of proteins to be found stably within
the membrane. Danielli and Davson came up with a sandwich
membrane model in the same year (Davson-Danielli model or
protein--protein model). According to this model, the surfaces
were surrounded by a thin layer of protein on both sides. This
observation was an important advance in a better understanding
of the compositional nature of biological membranes (46). In
1936 Danielli introduced several membrane models in addition
to the paucimolecular model he had created. . He divided the
membranes into three as continuous, lipoprotein and mosaic
membranes. He said that ion transpot in membranes occured
depending on pores, a number of ion transporters, and simple
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diffusion (47). Although electron microscopy was invented in
1930, it was not possible to study cell membranes in detail until
the 1950s, when higher resolutions were achieved. The transverse
sections of the membranes revealed the three-layer membrane
structure known as the ‘railway’. In this view, which would later
be called “Unit membrane”, there was a third layer between
the two dense layers which was less dense (Figure 1). At that
time, it was not yet known which layer of the unit membrane
corresponded to which molecule. In 1959, J. David Robertson
evaluated the paucimolecular model and suggested that the dark
regions were protein layers, while the open area in the middle
was equivalent to the lipid layer. That prediction was not exactly
accurate. Robertson renamed the paucimolecular membrane
model as the “Unit membrane model”. In a review in 1964,
Brady and Trams noted some of the features of the fluid mosaic
model that was valid today. In that paper, they reported that the
membrane was composed of lipids and proteins, that proteins
entered the membrane and that the lipid component was fluid
(48). With the development of freeze-breaking techniques and
immuno-electron microscopy techniques, scientists identified
isolated membrane proteins and membrane-embedded proteins
through antibodies. So, Singer and Nicolson introduced the
famous fluid mosaic membrane model in 1972. This model
is the most important model in membrane science which
has changed and developed until today. Although it has not
changed much since its identification, it has been modernized
and named as “Modified fluid mosaic model” in the light of
the newly obtained data. The fluid mosaic model still holds
the distinction of being the most explanatory hypothesis in
understanding biological membranes. As is known, the word
“mosaic” emphasizes that the membrane is composed of various
molecules such as phospholipids, proteins and carbohydrates; the
word “fluid” refers to the fact that most of these molecules are
mobile (49). This model, which developed in the 1970s and
whose foundation remained unchanged, will continue to exist
until a new proposal is put forward. Future studies on the cell
membrane; It will include membrane modifications to improve
certain dysfunctions, including membrane signaling, transport,
remodeling, and membrane biosynthesis.
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