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Das Membran- und das Ruhepotential

extracellular (outside)

intracellular (inside)

V m = –70 mV   (typical resting potential of a neuron)

Das Ruhepotential ist kein thermodynamisches Gleichgewicht, sondern resultiert aus der 
Aktivität von Ionenpumpen (primär der Na+/K+-ATPase) und speziellen Ionenkanälen, die am 
Ruhepotential offen und daher leitfähig sind. Normalerweise sind diese Kanäle selektiv für 
Kalium.

inside negative
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lipid bilayer
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Die unterschiedliche intra- und extrazelluläre Verteilung 
von Ionen definiert das Ruhepotential
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Armed with an appreciation of these simple electrochemical principles, it
will be much easier to understand the following, more detailed account of
how neurons generate resting and action potentials.

The Ionic Basis of the Resting Membrane Potential

The action of ion transporters creates substantial transmembrane gradients
for most ions. Table 2.1 summarizes the ion concentrations measured
directly in an exceptionally large nerve cell found in the nervous system of
the squid (Box A). Such measurements are the basis for stating that there is
much more K+ inside the neuron than out, and much more Na+ outside than
in. Similar concentration gradients occur in the neurons of most animals,
including humans. However, because the ionic strength of mammalian
blood is lower than that of sea-dwelling animals such as squid, in mammals
the concentrations of each ion are several times lower. These transporter-
dependent concentration gradients are, indirectly, the source of the resting
neuronal membrane potential and the action potential.

Once the ion concentration gradients across various neuronal membranes
are known, the Nernst equation can be used to calculate the equilibrium
potential for K+ and other major ions. Since the resting membrane potential
of the squid neuron is approximately –65 mV, K+ is the ion that is closest to
being in electrochemical equilibrium when the cell is at rest. This fact
implies that the resting membrane is more permeable to K+ than to the other
ions listed in Table 2.1, and that this permeability is the source of resting
potentials.

It is possible to test this guess, as Alan Hodgkin and Bernard Katz did in
1949, by asking what happens to the resting membrane potential if the con-
centration of K+ outside the neuron is altered. If the resting membrane were
permeable only to K+, then the Goldman equation (or even the simpler
Nernst equation) predicts that the membrane potential will vary in propor-
tion to the logarithm of the K+ concentration gradient across the membrane.
Assuming that the internal K+ concentration is unchanged during the exper-
iment, a plot of membrane potential against the logarithm of the external K+

concentration should yield a straight line with a slope of 58 mV per tenfold
change in external K+ concentration at room temperature (see Figure 2.4C).
(The slope becomes about 61 mV at mammalian body temperatures.)

TABLE 2.1
Extracellular and Intracellular Ion Concentrations

Concentration (mM)

Ion Intracellular Extracellular
Squid neuron
Potassium (K+) 400 20
Sodium (Na+) 50 440
Chloride (Cl–) 40–150 560
Calcium (Ca2+) 0.0001 10
Mammalian neuron
Potassium (K+) 140 5
Sodium (Na+) 5–15 145
Chloride (Cl–) 4–30 110
Calcium (Ca2+) 0.0001 1–2
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E = R ⋅Tz ⋅F ⋅ ln [X]out
[X]in

Nernst Gleichung



Nernst calculator

Temperature T [K] 298 gas constant R 8.314

charge z 1 Faraday constant F 96485

concentration [x] out [mM] 140

concentration [x] in [mM] 10

reversal 
potential

V rev [mV] 67,77

Berechnung des Nernstpotentials
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Armed with an appreciation of these simple electrochemical principles, it
will be much easier to understand the following, more detailed account of
how neurons generate resting and action potentials.

The Ionic Basis of the Resting Membrane Potential

The action of ion transporters creates substantial transmembrane gradients
for most ions. Table 2.1 summarizes the ion concentrations measured
directly in an exceptionally large nerve cell found in the nervous system of
the squid (Box A). Such measurements are the basis for stating that there is
much more K+ inside the neuron than out, and much more Na+ outside than
in. Similar concentration gradients occur in the neurons of most animals,
including humans. However, because the ionic strength of mammalian
blood is lower than that of sea-dwelling animals such as squid, in mammals
the concentrations of each ion are several times lower. These transporter-
dependent concentration gradients are, indirectly, the source of the resting
neuronal membrane potential and the action potential.

Once the ion concentration gradients across various neuronal membranes
are known, the Nernst equation can be used to calculate the equilibrium
potential for K+ and other major ions. Since the resting membrane potential
of the squid neuron is approximately –65 mV, K+ is the ion that is closest to
being in electrochemical equilibrium when the cell is at rest. This fact
implies that the resting membrane is more permeable to K+ than to the other
ions listed in Table 2.1, and that this permeability is the source of resting
potentials.

It is possible to test this guess, as Alan Hodgkin and Bernard Katz did in
1949, by asking what happens to the resting membrane potential if the con-
centration of K+ outside the neuron is altered. If the resting membrane were
permeable only to K+, then the Goldman equation (or even the simpler
Nernst equation) predicts that the membrane potential will vary in propor-
tion to the logarithm of the K+ concentration gradient across the membrane.
Assuming that the internal K+ concentration is unchanged during the exper-
iment, a plot of membrane potential against the logarithm of the external K+

concentration should yield a straight line with a slope of 58 mV per tenfold
change in external K+ concentration at room temperature (see Figure 2.4C).
(The slope becomes about 61 mV at mammalian body temperatures.)

TABLE 2.1
Extracellular and Intracellular Ion Concentrations

Concentration (mM)

Ion Intracellular Extracellular
Squid neuron
Potassium (K+) 400 20
Sodium (Na+) 50 440
Chloride (Cl–) 40–150 560
Calcium (Ca2+) 0.0001 10
Mammalian neuron
Potassium (K+) 140 5
Sodium (Na+) 5–15 145
Chloride (Cl–) 4–30 110
Calcium (Ca2+) 0.0001 1–2
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Nernst calculator

Temperature T [K] 298 gas constant R 8.314

charge z 1 Faraday constant F 96485

concentration [x] out [mM] 5

concentration [x] in [mM] 140

reversal 
potential

V rev [mV] -85,57

Berechnung des Nernstpotentials



Umkehr- oder Gleichgewichtspotentiale

Wenn sich in einer Membran bei -70mV spannungsgesteuerte Kanäle 
öffnen, wird Na+, Ca2+ und Cl- in die Zelle strömen und K+ hinaus.
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Synaptische        Übertragung



12

ety of postsynaptic targets in the central and peripheral nervous systems,
preeminently at the neuromuscular junction of striated muscles and in the
visceral motor system (see Chapters 6 and 20). 

Over the years, a number of formal criteria have emerged that definitively
identify a substance as a neurotransmitter (Box A). These have led to the
identification of more than 100 different neurotransmitters, which can be

Synaptic Transmission 97
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Figure 5.3 Sequence of events
involved in transmission at a typical
chemical synapse.
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Neurotransmitter

muscle fibers, ACh serves as a transmitter at synapses in the ganglia of the
visceral motor system, and at a variety of sites within the central nervous
system. Whereas a great deal is known about the function of cholinergic
transmission at neuromuscular junctions and ganglionic synapses, the
actions of ACh in the central nervous system are not as well understood.

Acetylcholine is synthesized in nerve terminals from the precursors
acetyl coenzyme A (acetyl CoA, which is synthesized from glucose) and
choline, in a reaction catalyzed by choline acetyltransferase (CAT; Figure
6.2). Choline is present in plasma at a high concentration (about 10 mM)
and is taken up into cholinergic neurons by a high-affinity Na+/choline
transporter. After synthesis in the cytoplasm of the neuron, a vesicular ACh

Neurotransmitters and Their Receptors 131

Figure 6.1 Examples of small-molecule and peptide neurotransmitters. Small-mol-
ecule transmitters can be subdivided into acetylcholine, the amino acids, purines,
and biogenic amines. The catcholamines, so named because they all share the cate-
chol moiety (i.e., a hydroxylated benzene ring), make up a distinctive subgroup
within the biogenic amines. Serotonin and histamine contain an indole ring and an
imidazole ring, respectively. Size differences between the small-molecule neuro-
transmitters and the peptide neurotransmitters are indicated by the space-filling
models for glycine, norepinephrine, and methionine enkephalin. (Carbon atoms are
black, nitrogen atoms blue, and oxygen atoms red.)

▲

TABLE 6.1
Functional Features of the Major Neurotransmitters

Postsynaptic Rate-limiting Removal Type of
Neurotransmitter effecta Precursor(s) step in synthesis mechanism vesicle

ACh Excitatory Choline + CAT AChEase Small, clear
acetyl CoA

Glutamate Excitatory Glutamine Glutaminase Transporters Small, clear
GABA Inhibitory Glutamate GAD Transporters Small, clear
Glycine Inhibitory Serine Phosphoserine Transporters Small, clear
Catecholamines Excitatory Tyrosine Tyrosine Transporters, Small dense-

(epinephrine, hydroxylase MAO, COMT core,
norepinephrine, or large
dopamine) irregular

dense-core
Serotonin (5-HT) Excitatory Tryptophan Tryptophan Transporters, Large,

hydroxylase MAO dense-core
Histamine Excitatory Histidine Histidine Transporters Large,

decarboxylase dense-core
ATP Excitatory ADP Mitochondrial Hydrolysis to Small, clear

oxidative phosphor- AMP and 
ylation; glycolysis adenosine

Neuropeptides Excitatory Amino acids Synthesis and Proteases Large,
and inhibitory (protein synthesis) transport dense-core

Endocannabinoids Inhibits Membrane lipids Enzymatic Hydrolasis None
inhibition modification of lipids by FAAH

Nitric oxide Excitatory and Arginine Nitric oxide synthase Spontaneous None
inhibitory oxidation

aThe most common postsynaptic effect is indicated; the same transmitter can elicit postsynaptic excitation or inhibition depending on the nature of the ion channels
affected by transmitter binding (see Chapter 7).

Purves06  5/13/04  2:53 PM  Page 131



Ionotroper Glutmatrezeptor

spannungsgesteuerter Kaliumkanal

10 nm
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Spannungsgesteuerte Kaliumkanäle (KV)

http://en.wikipedia.org/wiki/Voltage-gated_potassium_channel

http://en.wikipedia.org/wiki/Voltage-gated_potassium_channel


Rod MacKinnon (Nobel Prize 2005)

Die Röntgenstruktur eines KV-Kanals

KcsA



Der Selektivitätsfilter



http://en.wikipedia.org/wiki/Voltage-gated_potassium_channel

Der Spannungssensor

Kv1.2

http://en.wikipedia.org/wiki/Voltage-gated_potassium_channel


Die Patch Clamp Technik



Die Patch Clamp Technik

Bert Sakmann und Erwin Neher 
Nobelpreis 1991



Die Patch Clamp Technik
The Axon Guide to Electrophysiology and Biophysics Laboratory Techniques

1-2500-0102 D 25 

Perfect and Real Electrical Instruments
Electrophysiological measurements should satisfy two requirements: 1) 
They should accurately measure the parameter of interest, and 2) they 
should produce no perturbation of the parameter. The first requirement 
can be discussed in terms of a voltage divider. The second point will be 
discussed after addressing electrodes.
The best way to measure an electrical potential difference is to use a 
voltmeter with infinite resistance. To illustrate this point, consider the 
arrangement of Figure 1-8 A, which can be reduced to the equivalent 
circuit of Figure 1-8 B.

Figure 1-8 Representative voltmeter with infinite resistance. 
Instruments used to measure potentials must have a very high input 
resistance Rin.



Das Aktionspotential
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Die Patch Clamp Technik
The Axon Guide to Electrophysiology and Biophysics Laboratory Techniques

1-2500-0102 D 25 

Perfect and Real Electrical Instruments
Electrophysiological measurements should satisfy two requirements: 1) 
They should accurately measure the parameter of interest, and 2) they 
should produce no perturbation of the parameter. The first requirement 
can be discussed in terms of a voltage divider. The second point will be 
discussed after addressing electrodes.
The best way to measure an electrical potential difference is to use a 
voltmeter with infinite resistance. To illustrate this point, consider the 
arrangement of Figure 1-8 A, which can be reduced to the equivalent 
circuit of Figure 1-8 B.

Figure 1-8 Representative voltmeter with infinite resistance. 
Instruments used to measure potentials must have a very high input 
resistance Rin.

Stromklemme

Spannungsklemme Änderung des Stroms.  
Die Zelle wird auf einem vorgegebenen 
Haltepotential „geklemmt“.

Änderung der Spannung (Aktionspotentiale)



Excitable cells (e.g. neurons) change their 
transmembrane potential quickly



Vergleich: Current - Voltage clamp

120 Chapter Five

Figure 5.18 Na+ and K+ movements
during EPCs and EPPs. (A–D) Each of
the postsynaptic potentials (Vpost) indi-
cated at the left results in different rela-
tive fluxes of net Na+ and K+ (ion
fluxes). These ion fluxes determine the
amplitude and polarity of the EPCs,
which in turn determine the EPPs. Note
that at about 0 mV the Na+ flux is
exactly balanced by an opposite K+ flux,
resulting in no net current flow, and
hence no change in the membrane
potential. (E) EPCs are inward currents
at potentials more negative than Erev
and outward currents at potentials
more positive than Erev. (F) EPPs depo-
larize the postsynaptic cell at potentials
more negative than Erev. At potentials
more positive than Erev, EPPs hyperpo-
larize the cell.

5.18F). However, at 0 mV, the EPP reverses its polarity, and at more positive
potentials, the EPP is hyperpolarizing. Thus, the polarity and magnitude of
the EPC depend on the electrochemical driving force, which in turn deter-
mines the polarity and magnitude of the EPP. EPPs will depolarize when the
membrane potential is more negative than Erev, and hyperpolarize when the
membrane potential is more positive than Erev. The general rule, then, is that
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Voltage clamp Current clamp



Kalziummessungen

Calcium Imaging

30



Wozu?
434 R.D. Fields et al. / Cell Calcium 37 (2005) 433–442

Fig. 1. Action potential-mediated Ca2+ mobilization acts at a number of sites in signaling to the nucleus to regulate gene transcription. Neuronal depolarization

by action potentials opens VGCC increasing intracellular Ca2+. A major Ca2+ entry pathway is through L-type Ca2+ channels; however other VGCC channels

are activated including N-type Ca2+ channels. Ca2+ influx triggers release of Ca2+ from intracellular stores (e.g. ER) through a process referred to as CICR,

which is seen as an enhancement in the increase in intracellular Ca2+. During trains of activity, ER stores become progressively depleted resulting in activation

of both store- and receptor-operated Ca2+-permeable channels that refill stores through a process known as capacitative Ca2+ entry. This dynamic regulation of

cell Ca2+ levels activates several intracellular signaling pathways including activation of cAMP/PKA signaling through Ca2+/CaM-sensitive adenylyl cyclase,

activation of Ca2+/CaM-dependent CaMKII, as well as Ca2+-regulated MAPK pathways. Intracellular Ca2+ influx rapidly binds CaM localized near channels

and acts to regulate subsequent Ca2+ influx. In this figure, Ca2+/CaM is shown acting on N-type Ca2+ channels to decrease Ca2+ influx; whereas, in addition

to modulation by Ca2+/CaM, CaMKII phosphorylates L-type Ca2+ channels to enhance subsequent Ca2+ influx. Ca2+ influx through N-type channels can also

recruit CICR. The net result is mobilization of Ca2+ that can activate/modulate several protein kinases that reversibly translocate to the nucleus to regulate

transcription: PKA-, MAPK-, and CaM-dependent kinases.



Und deshalb!
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Und wie macht man das?
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BAPTA%

Roger Tsien, Nobelpreis 2008



Und so!
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Oder so!
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Und wie sieht das dann aus?

Applikation eines Glutamat Analog 
auf Zellen des Hippocampus



Zusammenfassung Neurophysiologie

• Neuronen haben ein negatives Ruhepotential von etwa -70mV

• Neuronen kommunizieren durch synaptische Übertragung

• Die Freisetzung von Neurotransmitter Vesikeln, erfolgt durch Kalziumeinstrom in 
das präsynaptische Terminal (spannungsgesteuerte Ca2+ - Kanäle)

• Aktionspotentiale werden durch spannungsgesteuerte Na+ und K+ - Kanäle geformt

• Elektrische Signale in Zellen können durch die patch clamp Technik gemessen 
werden

• Kalzium als wichtigstes intrazelluläres Signalmolekül kann durch fluoreszierende 
Kalziumsensoren zur Bildgebung von zellulärer Aktivität (Calcium Imaging) benutzt 
werden



Pharmakologie



Agonisten                und                Antagonisten
(11), TDBA (12), bromo-HIBO (13), and the natural products quis-
qualic acid (14) and willardiine (15a) belong to this class. A series
of substituted willardiines has been prepared with increasingly
bulky halogen substituents (15b–e). These progressively loose po-
tency as the substituents prevent closure of the clamshell to an
increasing degree.14

Many derivatives of AMPA have been synthesized and the struc-
ture–activity relationships of this class of agonists are welldefined.
The isoxazole ring can be substituted with a variety of residues at
position 50, which can even result in selectivity within receptor
families. For instance, the bulky tert-butylsubstituent on the het-
erocycle in ATPA (7) provides very high selectivity for GluK1.81,82
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(b) Quinoxalines (Fig. 9; 40–46). These are classical antagonists
of AMPA/Kainate receptors, represented by DNQX (40) and it cong-
eners CNQX (41), NBQX (42), YM-90K (43) and ZK-200775 (44).
Quinoxaline antagonists interact with the canonical D1-arginine
but do not appear to make much contact with the conserved D2-
glutamate residue. The ‘aromatic lid’ on the S1 lobe of the receptor

(usually a tyrosine) stacks tightly against the flat and conforma-
tionally rigid aromatic core of these antagonists (e.g., pdb 1LB9).
With the exception of the high affinity antagonist ZK-200775
(44), which contains an additional phosphonate moiety, the
quinoxalines do not appear to interact strongly with the top of he-
lix F or any other residue in D2 but they do form hydrogen bonds to
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perfusion buffer. To determine the dose at which the calcium
response to 10 mM NMDA could be blocked by only 50%,
Mg21 dose-response experiments were performed (n 5 245)
(Fig. 3B). Subsequent modulation experiments involving
NMDA were performed with buffer containing this EC50 con-
centration of Mg21 (250 mM) and 2 mM glycine.

Modulation of iGluR responses by mGluRs

SCN neurons show mGluR inhibition of iGluR-evoked cal-
cium rises much like those reported for SCN astrocytes. Type
I/II mGluR agonists t-ACPD (100 mM) and L-CCG-I (10 mM)
were applied for 2 min before and during a 15-s kainate (50
mM) pulse. Although not evoking calcium rises, both mGluR

FIG. 3. NMDA evokes calcium rises in SCN neurons. A: neurons from 3
coverslips (n 5 74) were tested in duplicate for responses to NMDA from 100
nM to 1 mM. On the same coverslips, astrocytes (identified by their flat
star-like morphology) never showed a calcium response to NMDA (n 5 68).
B: by using the EC50 concentration for NMDA (10 mM), the Mg21 dependence
of the NMDA calcium response was established (n 5 245).

FIG. 4. L-CCG-I inhibition of iGluR-mediated Ca21 rises. A: (2S,19S,29S)-
2-(carboxycyclopropyl)-glycine (L-CCG-I) (10 mM) inhibited calcium rises
evoked by kainate (50 mM). B: both 10 mM L-CCG-I (n 5 30/72) and 100 mM
t-ACPD (n 5 30/114) inhibited kainate-evoked calcium rises to a similar
degree. To determine percentage change of kainate-evoked calcium rises, the
amplitude of kainate-evoked calcium rises was subtracted from the calcium
rise evoked by kainate plus the mGluR agonist. Difference in amplitude was
normalized by dividing by the kainate-only amplitude and then multiplied by
100 to obtain a percentage change. The minimum cutoff used to indicate a
modulatory interaction was a 15% change in calcium rise amplitude. Negative
numbers indicate an inhibition of the kainate calcium rise. C: calcium rises
evoked by NMDA (10 mM) also were inhibited by 10 mM L-CCG-I (26.2 6
2.6%, n 5 13/28). This representative neuron also shows inhibition of NMDA-
evoked calcium rises by the L-type calcium channel blocker nimodipine
(NIM). Most SCN neurons tested showed .15% inhibition by 1 mM nimo-
dipine (244.4 6 2.7%, n 5 44/46).

FIG. 2. Glutamate receptor agonist dose-response curves in SCN neurons.
SCN punches were obtained from P1 rats, mildly dispersed, and plated on glass
coverslips. Cells were loaded with fura-2, and neurons were identified as
compact phase-bright cells. Shown are dose-response curves for SCN neurons
for glutamate (c), kainate (Œ), and trans-(6)-1-amino-1,3-cyclopentanedicar-
boxylate (t-ACPD) (f). The peak responses to each dose (applied in duplicate)
were plotted as a percentage of the peak response to the maximal dose. The
EC50 for glutamate was 3 mM (n 5 189) and for kainate was 50 mM (n 5 160).
t-ACPD did not evoke repeatable calcium rises at doses up to 300 mM (n 5
161).
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Wirksamkeit und Affinität

http://tmedweb.tulane.edu/pharmwiki/doku.php/drug_receptor_theory

Gleiche Wirksamkeit aber  
unterschiedliche Affinität

Gleicher EC50 aber  
unterschiedliche Wirksamkeit 

partieller Agonismus
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Pharmakologie vs. Photopharmakologie

• Problem Nebenwirkung: geringe Selektivität des Medikaments

• das therapeutische Fenster ist sehr schmal (z.B. zytotoxische 
Antikrebsmedikamente)

• mit Licht könnten Medikamente lokal am Wirkungsort aktiviert werden



Vorteil der Photopharmakologie

design principles, while the second part serves to illustrate
examples from the recent literature.

2. USING LIGHT FOR CONTROLLING BIOLOGICAL
PROCESSES: THE CONCEPT OF
PHOTOPHARMACOLOGY

Remote control over the activity of pharmaceuticals using light
has been achieved by modifying a functional group within the
drug with a photolyzable moiety.19,28,29 Examples of this
approach include a photoprotected prodrug of paclitaxel30 and
a light-activated steroid hormone.31 However, a major
limitation of this approach is that photodeprotection does
not enable reversible control over the drug’s activity. It only
enables an increase or decrease in the activity of a drug a single
time, but it is not possible to switch reversibly between a state
of low activity and one of high activity.
Dynamic control of activity is highly desirable, as it enables

full control over the activity of a drug both temporally and
spatially. Dynamic optical control over biological functions can
be achieved using optogenetics.32,33 This “Nature Method of
the Year 2010” 34 relies on the expression of photoresponsive
proteins such as bacteriorhodopsin35 and halorhodopsin.36

Optogenetics has proven useful mainly, but not exclusively, in
the field of neuroscience, with examples of optical control of
brain function in intact brain tissue37 and of the movement of
animals.38 It is without doubt that optogenetics has made a
major contribution to advance our understanding of biological
processes and has become an important research tool in such
investigations. However, the necessity for genetic manipulation
limits this method currently to a research setting.
Photodynamic therapy (PDT)39 is a clinically applied

protocol that relies on the formation of reactive oxygen species
(ROS) by using photosensitizers that transfer energy from their
excited triplet state to 3O2 to generate singlet oxygen (1O2) in

living tissue (Figure 2A). ROS, primarily 1O2, cause direct and
non-specific damage to the cells containing the photosentisizer

when irradiated with visible light.40 In this respect, PDT is
inherently not selective for a chosen molecular target, which is
connected to the disease. Also, its application is limited to
situations where cell death must be evoked, such as the
destruction of tumors or infected tissues.

Figure 1. Drug activity over time and space for a conventional drug, a prodrug, and a reversibly photocontrolled drug. For conventional drugs,
activity is present throughout the body of a patient during the time the drug is present, which may cause adverse effects; after excretion, the buildup
of active drug can have a negative impact on the environment and/or lead to the emergence of drug-resistant pathogens. Some of the adverse effects
can be avoided by using prodrugs, which liberate the active substance at a later stage. Adverse effects and environmental buildup of drugs might be
completely avoided by using drugs whose activity can be controlled reversibly in space and time.

Figure 2. Basic principles of photodynamic therapy (PDT) and of
photopharmacology. (A) PDT agent can be excited to the triplet state
locally with light. If the triplet state has sufficient energy, it will result
in the production of single oxygen (1O2), which leads to the death of
the surrounding cells. (B) Light-induced isomerization of a photo-
pharmaceutical agent from an inactive to an active state results in an
abrupt, localized increase in the concentration of the active form of the
drug, which interacts with its target selectively.

Journal of the American Chemical Society Perspective

dx.doi.org/10.1021/ja413063e | J. Am. Chem. Soc. 2014, 136, 2178−21912179
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Pharmakologie vs. Photopharmakologie

• Problem Nebenwirkung, geringe Selektivität des Medikaments

• das therapeutische Fenster ist sehr schmal (z.B. zytotoxische 
Antikrebsmedikamente)

• mit Licht könnten Medikamente lokal am Wirkungsort aktiviert werden

• hohe zeitliche und räumliche Genauigkeit

• Licht ist im allgemeinen nicht schädlich

• Problem: Penetration in Gewebe (beste Wellenlänge ca. 650-800 nm)

• Licht kann sehr leicht qualitativ (Wellenlänge) und quantitativ (Intensität) dosiert 
werden (Photodosierung)
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Der ideale Photoschalter

• großer Unterschied in der Aktivität der beiden Isomere

• Licht sollte die Konzentration des aktiven Isomer deutlich erhöhen

• die thermische Relaxierung sollte möglichst in einem für die Anwendung 
geeigneten Zeitraum erfolgen (Bistabilität)

• Löslichkeit in physiologischem Puffer

• metabolisch stabil

• geringe Toxizität

1. Velema, W. A., Szymanski, W. & Feringa, B. L. Photopharmacology: Beyond Proof of Principle. J. Am. Chem. Soc. 136, 2178–2191 (2014). 
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1. INTRODUCTION

1.1. General

Controlling the conformation and activity of biomolecules in a
reversible manner is a fascinating challenge1−3 that has an
outstanding potential for the study of and interference with
complex processes in living cells.4,5 Spatial and temporal
control of cellular processes could provide unparalleled
opportunities for studying organism development or disease
progression.6 As stated recently by Woolley and co-workers,7

an ideal mode for reversibly controlling living systems would
combine in itself high spatial resolution and high temporal
resolution using a mode of control orthogonal to most cellular
processes.
Light seems to be an ideal external control element for in situ

chemical and biological manipulation because it offers a high
level of spatiotemporal resolution, is generally noninvasive (at a
range of wavelengths), is orthogonal toward most elements of
living systems, and does not cause the contamination of the
sample.2 Furthermore, its wavelength and intensity can be
precisely regulated. These unique properties have led to the use
of light in the study of fluorescently labeled small molecules8

and proteins (such as GFP9) in cells and to recent inspiring
developments in the area of bioorthogonal introduction of
photoactive compounds into biomolecules.10

One of the most widely used methods for the introduction of
light-sensitivity into biological molecules is through function-
alization with bistable molecular photoswitches. This approach
has been used to photoregulate a multitude of important
biological processes (Figure 1), such as nucleic acid structure
and function, transcription and translation, protein folding,
enzyme activity, protein−ligand interactions, peptide structure
and function, membrane transport, and receptor modulation,
including signaling.
This review aims at providing a comprehensive and critical

literature review on reversible photocontrol of biomolecules’
structure and function with molecular photoswitches. For the
information on photocaged, i.e. irreversibly controlled, systems,
the reader is referred to other recent reviews.2,6,11−13

Information on photocontrolled cell adhesion to surfaces can
be found in recent reviews by Mendes14 and Feringa et al.15

1.2. Introduction to Molecular Photoswitches

Several essential biological processes, such as vision16 and
photosynthesis,17 are fueled by light. A chromophore in the
protein structure absorbs a photon, which results in a chemical
transformation that may induce a change in the conformation
of the attached protein. These light-activated processes are
usually completely reversible, and the chromophores can switch
between two or more isomeric forms, hence the commonly
used term “photoswitches”.3

A variety of synthetic photoswitches, that can undergo a
reversible change in their structure upon irradiation with light,
have been designed (Table 1). They are commonly
characterized by the absorption maxima of their isomeric
forms, as well as by the photostationary state (PSS), defined as
the equilibrium composition during irradiation. For biological
applications, these compounds require a fast switching process
and large extinction coefficient with high quantum yield at

wavelengths that are nondestructive for a living cell. In selected
cases, high fatigue resistance in an aqueous environment is an
important prerequisite.
1.3. Overview of the Most Commonly Used Photoswitches
and Their Properties
Many strategies for the reversible photocontrol of biomolecules
have been explored with a wide variety of chromophores (Table
1). The chromophores switch upon irradiation between the cis
and trans isomers (azobenzenes, stilbenes, and hemithioindi-
gos) or interconvert between closed and open forms
(spiropyrans, diarylethenes, and fulgides). This results in a
change in geometry, which can be especially large in the cases
of azobenzenes and hemithioindigos or small as in diary-
lethenes. Besides this change, photoisomerization may also alter
the polarity and charge distribution of the compound.

1.3.1. Azobenzenes. Azobenzenes form one of the largest
and most studied classes of photochromic molecules.18,19 They
exist in two isomeric states, trans and cis, with the former being
∼10 kcal/mol more stable than the latter (Table 1A). The
planar conformation of the trans isomer, although its actual
geometry is still actively disputed and substituent-depend-
ent,18,20,21 places it in the C2h point symmetry group and results
in a zero dipole moment. The UV−vis spectrum of
unsubstituted trans-azobenzene shows two absorption maxima:
a strong one around 320 nm resulting from the symmetry-
allowed π−π* transition and a weaker one around 430 nm
indicative of the symmetry forbidden n−π* transition. The
absorption at about 320 nm leads to rotation around the N−N
bond and the formation of the cis isomer. The transition
associated with the signal at 430 nm is related to the trans to cis
isomerization via one of several possible pathways.22 The trans
to cis isomerization is accompanied by a considerable change in
polarity (the dipole moment of the cis form is ∼3 D) (Table 1).
The reverse, cis to trans, isomerization occurs thermally or can
be achieved by irradiation with visible light (>460 nm).

Table 1. Selected Molecular Structures of Photoswitches
Introduced into Biomolecules

Chemical Reviews Review

dx.doi.org/10.1021/cr300179f | Chem. Rev. XXXX, XXX, XXX−XXXB

Szymanski, W., Beierle, J. M., Kistemaker, H. A. V., Velema, W. A. & Feringa, B. L. Reversible Photocontrol of 
Biological Systems by the Incorporation of Molecular Photoswitches. Chem. Rev. 113, 6114–6178 (2013).
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Das Prinzip der Photopharmakologie
ist der Einbau von Photoschaltern in die 

molekulare Struktur der bioaktiven Verbindung 
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Design von PCLs für einen Glutamatrezeptor
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Dosis-Wirkung-Kurve bei PCLs

effect by potentiating GABA-induced currents.49 The first
strategy outlined above was taken in the design of the
photoswitchable compound, i.e., coupling of a photoswitch to
the pharmacophore of propofol (Figure 4A). Compound 11
(Figure 9B) was obtained by introducing a 4-aminophenyldiazo
group at the para position of the aromatic moiety of propofol.
The amino substituent in the para position caused a red-shift in
the absorption spectra of the azobenzene and 11 could be

switched from the trans- to the cis-isomer by irradiation with
360−450 nm light. The electron-donating substituent on the
azobenzene resulted in a significant decrease in the thermal
stability of the cis-isomer, and as a consequence a fast, thermal
cis−trans isomerization occurred once the 360−450 nm light
source was removed. The anesthetic effect of both photo-
isomers of compound 11 was evaluated using Xenopus laevis
tadpoles. In this experiment, the animals were studied for loss
of righting reflex (LORR).108 This reflex corrects the
orientation of the body when it is taken out of its normal
position and the loss of this reflex is a standard assay for
anesthesia. The tadpoles placed in aqueous media containing
compound 11 showed an LORR with an EC50 of 1.1 μM, which
was comparable to the EC50 of propofol itself. When the
tadpoles were irradiated with light (360−370 nm), the EC50
increased by more than 4-fold to 4.6 μM (Figure 9C). In a
second experiment, tadpoles were placed in medium containing
3 μM of compound 11, which resulted in LORR. Subsequently,
the medium was illuminated with UV-light and all animals
spontaneously righted themselves. This experiment shows that
even though both photoisomers have similar biological activity,
an on-off event can be realized by careful control of the
concentration (Figure 5D). Additionally, it proves that an
existing drug can be converted into a photoswitchable analogue
and drug activity can be regulated in vivo.
In another recent example by the groups of Trauner and

Kramer, a photoswitchable nociception regulator was de-
scribed.105 Nociception is involved in the processing of noxious
stimuli by nociceptors.109 These receptors are expressed in
neurons and contain ion channels that can be blocked by
quaternary ammonium groups. The first design strategy was
again taken in developing a photoswitchable nociception
regulator (Figure 4A), where an azobenzene moiety was
incorporated into a lidocaine analogue, to yield compound 12

Figure 9. A photoswitchable anesthetic: (A) structure of propofol; (B)
structure of compound 11; (C) dose−response curve of compound 11
in its trans-form (squares) and in its cis-form (crosses). Figure adapted
with permission from ref 49. Copyright 2012 Wiley-VCH Verlag
GmbH & Co. KGaA.

Figure 10. Photoswitchable nociception stimulation by azobenzenes 12 and 13. Molecular structures of compound 12 and 13 and their biological
activity. (A) Molecular structure of compound 12. (B) The threshold of eye blinking in the dark and when exposed to 380 nm light when capsaicin
(gray line) or capsaicin and compound 12 (black line) were applied topically to the eye of a rat. (C) Molecular structure of compound 13 (D)
Voltage clamp recordings of Shaker-IR K+ channels in HEK293 cells incubated with compound 13 in the dark and irradiated at 420 nm. Figures
adapted with permissions from refs 105 and 106. Copyright 2012 Nature Publishing Group (ref 105). Copyright 2012 Wiley-VCH Verlag GmbH &
Co. KGaA (ref 106).

Journal of the American Chemical Society Perspective
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Spektrales Tuning von PCLs

Mourot et al., ACS ChemNeurosci (2011)



Photochrome Kv-Kanalblocker

K+
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Photodosierung -
Kontrolle der aktiven Konzentration durch Licht

Fortin et al., Nature Methods (2008)



Beobachtung der Isomerisierung im NMR
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Anwendung von photochromen Liganden in der Neurobiologie



Photopharmakologische Wiederherstellung der 
„Sehfähigkeit“ in blinden Mäusen



Die Retina



Multielektrodenmessung



2nd generation K-channel blockers

Wiederherstellung der Sehfähigkeit durch 
Photopharmakologie

Tochitsky et al., Neuron (2014).



Licht gesteuerte Freisetzung von Insulin



Ashcroft, J. Clin. Invest. 115:2047–2058 (2005).

Biochemischer Mechanismus der Insulinfreisetzung



Sulfonylharnstoffe zeigen eine dem ATP ähnliche Wirkung
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Ein cis-aktiver lichtschaltbarer Sulfonylharnstoff
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Ca2+ imaging in mouse islet cells

Lichtabhängige Kontrolle von Kalziumoszillationen 
in beta-Zellen

Broichhagen et al., Nature Comms (2014).



Lichtabhängige Insulinfreisetzung

Broichhagen et al., Nature Comms (2014).



Genetic targeting through tethering

Photoswitched tethered ligands

PTL approach



Ein reaktiver molekularer Schalter
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MAGs
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Der Ankerpunkt

Cys 439



Umpolen von LiGluR
trans- vs. cis-active

439C

486C

Numano, R.; Szobota, S.; Gorostiza, P.; Volgraf, M.; Trauner, D.; Isacoff, E.Y., Proc. Natl. Acad. Sci. 2009, 106, ASAP.
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