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Abstract 

Activation of the Histamine-3 receptor (H3R) is involved in memory processes and cognitive action, 

whilst blocking H3R activation can slow the progression of neurological disorders such as Alzheimer’s 

disease, schizophrenia and narcolepsy. To date however no direct way to examine the activation of 

H3R has been utilised. Here, we describe a novel biosensor which can visualise the activation of H3R 

through an intramolecular Fluorescence Resonance Energy Transfer (FRET) signal. To achieve this, 

we constructed an intramolecular H3R FRET sensor with cyan fluorescent protein (CFP) attached at 

the C-terminus and yellow fluorescent protein (YFP) inserted into the third intracellular loop. The 
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sensor was found to internalize normally on agonist treatment. We measured FRET signals between 

the donor CFP and the acceptor YFP in living cells in real time, the results of which indicated that 

H3R agonist treatment (imetit or histamine) increases the FRET signal in a time- and 

concentration-dependent manner with Kon and Koff values consistent with published data and 

which maybe correlated with decreasing cAMP levels and the promotion of ERK1/2 phosphorylation. 

The FRET signal was inhibited by H3R antagonists and the introduction of mutations at F419A, 

F423A, L426A and L427A, once again, the promotion of ERK1/2 phosphorylation was diminished. 

Thus, we have built a H3R biosensor which can visualise the activation of receptor through real time 

structure changes and which can obtain pharmacological kinetic data at the same time. The FRET 

signals may allow the sensor to become a useful tool for screening compounds and optimising useful 

ligands. 

 

Introduction 

Histamine, a neurotransmitter, is involved in multiple physiological processes by coupling to four 

distinct, but related, G protein-coupled receptors (GPCRs): H1Rs, H2Rs, H3Rs, and H4Rs [1-3]. The 

involvement of histamine receptors (HRs) in the cognitive process has long been confirmed, 

especially in the case of H3Rs [2, 4]. The H3R is mainly expressed in nerve terminals, where it 

participates in the processes of memory and cognitive action [5]. There is also increasing evidence 

that blockade of central nervous system H3Rs could enhance the cortical fast rhythms closely 

associated with cognitive behavior [6] and indeed, several drug candidates that block the H3R have 

been shown to increase the release of acetyl choline (ACh), and therefore alleviate symptoms and 

slow the progression of Alzheimer’s disease (AD) in clinical trials [7-9]. Thus far, the most recent 

success is the pitolisant, which showed protective effects against human narcolepsy and has entered 

phase III of clinical development [10]. Activation of Gi/o proteins by H3 receptors results in two main 

intracellular actions, the reduction of cAMP formation [11] and the inhibition of voltage-activated 

calcium channels, which leads to a decrease in intracellular Ca2+ levels by impairing the entrance of 

Ca2+ through voltage-gated ion channels [5, 12, 13]. In addition, Gi/o activation via H3 receptors can 

activate PI3K, leading to the subsequent activation and phosphorylation of Akt [11]. The activation of 
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H3Rs also results in the activation of mitogen-activated protein kinase (MAPK) pathways, especially 

ERK1/2 phosphorylation [14, 15].  

 

A number of methods are available for studying GPCR activation including the cAMP assay [16], 

Ca2+ release assay [17], ERK1/2 phosphorylation assay [18] and the β-arrestin recruitment assay [19, 

20], however whilst each of these methods is able to detect GPCR activation, they do so only 

indirectly. Recently however FRET based probes/ biosensors have been developed that avoid this 

deficiency in more traditional techniques. 

 

The first report of a novel sensor class, built on the basis of a GPCR was published in 2003 and 

served as a proof of principle for the use of FRET biosensors in living cells [21]. Although the 

development of such FRET sensors proceeded slowly, they have made their way into the standard 

toolbox for GPCR research as several groups are now reporting on the generation and use of these 

sensors. By now, FRET sensors have been reported for a significant portion of GPCRs, such as the 

α2-, β2-adrenoceptors [22, 23], M1-, M2-, M3-, M5-muscarinic cholinergic receptors [23-26], 

A2A-adenosine receptor [22, 27], 5-HT1B receptor [28] and the orexin-1 and -2 receptors [29]. No 

doubt this list will continue to grow. In recent studies these sensors have been used to investigate 

receptor dynamics in living cells to evaluate ligand binding and ligand efficacy in real time, to study 

voltage and mechano-sensitivity of GPCRs or to study the influence of receptor polymorphisms on 

receptor function in real-time [30].  

 

There are two basic types of such FRET reporter systems and these are known as intermolecular 

and intramolecular sensors. Intermolecular FRET sensors are established tools that measure 

increases in the FRET ratio that is generated by, for instance, a suitably labelled species translocating 

from cytosol to membrane to interact with a suitably labelled membrane localized species, for 

example in the -arrestin recruitment assay. FRET-based intramolecular sensors (both FRET donor 

and acceptor are part of the same species) are well established and useful tools to, for instance, 
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detect changes in small molecule concentrations at subcellular resolution [31-33]. By the use of 

intramolecular FRET however, we can measure ligand-induced GPCR activation. The basis of the 

technique is that ligand binding induces small conformational changes within the GPCR around the 

ligand binding site, which are then amplified to become larger movements at the cytoplasmic face of 

the receptor, in turn transmitting a signal to a G protein [34, 35]. Thus, if a FRET donor and acceptor 

are fused at appropriate locations within the GPCR polypeptide their relative distance or orientation 

may change leading to a modification of the FRET signal. The FRET signal of GPCR FRET sensor 

described in this paper is designed to estimate the forces and their distribution in time and space in 

live cells and to probe the transfer of energy from a donor, such as CFP, to an acceptor, such as YFP, 

followed with ligand binding and resulting in signal propagation across the cell membrane [31-33, 

36].  

 

Herein, we describe a FRET biosensor which is able to quantitate H3R activation directly. It was 

used to monitor concentration- and time-dependent effects of receptor activation by agonists in real 

time. Analysis of receptor kinetics induced by ligands supported the view that receptor modulation 

occurs in a very rapid manner. The FRET sensor developed and used in this study can be used to 

examine ligand binding kinetics, study the details of receptor activation mechanisms and otherwise 

explore the activation of receptors in living cells.  

 

Results 

Design of the Potential Intramolecular H3 Receptor FRET Sensors 

In this study, a biosensor derivative of the histamine H3 receptor was constructed by fusing CFP in 

frame to the C-terminal tail of the full-length human H3 receptor. The vesicular stomatitis virus G, 

(VSV-G) peptide, epitope was also inserted in the extracellular N-terminal domain together with an 

N-terminal leader sequence from the metabotropic glutamate receptor 5 (Figure 1A). Based on our 

previous report [29], we inserted YFP into the third intracellular loop, replacing all but the 12 amino 

acids from each end of the loop which were retained (Figure 1A). Thus, 118 amino acids of the third 
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intracellular loop of the H3 receptor (from position 230 to position 347) were replaced by YFP 

sequence (Figure 1B), resulting in the plasmid mGluR5-VSV-G-H3-YFP-CFP (Figure 1A). This plasmid 

was transiently transfected into HEK293 cells and fluorescence measurements were taken. Results 

showed that the sensor was expressed, but mainly located in the cytosol, not at the cell membrane 

(Figure 1C). Subsequently, stable cell lines were constructed by transfecting the 

mGluR5-VSV-G-H3-YFP-CFP plasmid into Flp-InTM T-RExTM 293 cells. These cells allow inducible and 

regulated expression of constructs cloned into the Flp-InTM locus [37]. In these cells, induction of 

construct expression in the presence of doxycycline resulted in clear membrane localization of the 

receptor sensor (Figure 1D). The cells that expressed mGluR5-VSV-G-H3R-YFP-CFP were selected and 

used for further studies.  

 

Functional characterization of the intramolecular H3 receptor FRET sensor 

Classically, agonist-induced GPCR activation results in the activation of heterotrimeric G proteins. 

Upon continuous agonist stimulation, GPCR activation diminishes through a process known as 

desensitization [38]. GPCR internalization has long been considered to play a major role in the 

desensitization process, it is also involved in receptor re-sensitization and the ligand scavenging 

function of some atypical receptors. Thus, internalization contributes to the diversity of 

GPCR-dependent signaling [39], and its dynamics and quantification in living cells has generated 

considerable interest [40, 41]. In the case of the H3R some evidence has suggested that this receptor 

also experiences homologous desensitization in response to agonist exposure [42]. To visualise the 

movement of the receptor from cell surface to punctate intracellular vesicles, CFP was imaged in 

cells induced to express mGluR5-VSV-G-H3R-YFP-CFP using fluorescence microscopy. Upon 

treatment with the agonist imetit, (10-6 M), the localization of CFP gradually moved from the cell 

surface to the cell interior in a time-dependent manner (Figure 1E). Cell surface biotinylation studies 

were performed to measure the potency of imetit to cause this effect. Cells induced to express 

mGluR5-VSV-G-H3R-YFP-CFP were treated either with 10-6 M imetit for up to 60 min or with varying 

doses of imetit for 40 min. Subsequently, the cells surface proteins were labeled with biotin that was 

then captured by streptavidin linked beads and analysed by SDS-PAGE and western blotting using an 
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anti-VSV-G antibody to detect the FRET sensor. Results showed the presence of a single polypeptide 

(95 kDa) in the absence of imetit (Figure 1 F and G). However, with increasing time and dose of 

imetit, the level of biotinylated polypeptide detected with anti-VSV-G was reduced (Figure 1 F and 

G). This is consistent with the H3R FRET sensor internalizing upon agonist treatment in a similar way 

to the wild type H3R [43].  

 

Detection of FRET by photo-bleaching acceptors 

The pooled acquired prebleach donor and acceptor image sequences indicated that our attenuated 

illumination experimental laser set up evoked some negligible bleaching, as we consistently found a 

reduction in CFP and YFP fluorescent intensity from one time point to the next (see traces Figure 

2G). It was also observed that the acceptor YFP faded slightly faster (Figure 2A-B and 2E-F) than the 

donor CFP (Figure 2C-D and 2E-F), and this could be due to the 440 nm laser line having an added 

excitation effect upon the acceptor. High intensity laser illumination photobleaching destruction of 

the acceptor (YFP) indicated that the donor was converted from a quenched state to an unquenched 

state as a concomitant increase in donor fluorescence intensity was observed in the acquired 

post-bleach set of donor images (Figure 2G, see donor trace). This result suggested that our set up 

was sensitive enough to detect FRET. The evaluated FRET efficiency was quantified to be 15.8%. 

(FI = 2400 / FI = 2850; 2400/2850 = 0.842; 1 – 0.842 = 0.158; 0.158 times 100 = 15.8%) 

 

Agonist-induced inhibition of cAMP activity is concentration-dependent 

According to conventional models of GPCR activation, when an agonist is used to stimulate a GPCR 

then downstream signaling events can be monitored. To this end we measured cAMP levels as an 

indicator of H3 receptor activation. As shown in Figure 1H, the H3 agonists’ histamine and imetit 

potently inhibited the 10 μM forskolin-stimulated production of cAMP in a concentration-dependent 

manner in H3 receptor sensor expressing cells. Half maximal inhibitory concentration (IC50) of imetit 

were produced with 0.4744 ± 0.0742 pM, the maximum or minimum was 106.80 ± 2.00 or 17.78 
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± 1.47. Moreover, IC50 of histamine were produced with 0.6927 ± 0.0531 pM, the maximum or 

minimum was 110.90 ± 1.39 or 24.14 ± 1.07. 

 

Agonist-induced activation of Intramolecular H3 Receptor FRET Sensors 

To determine whether orthosteric activation of H3R by histamine or imetit was sufficient to activate 

the probe, sensors were analysed for their ability to produce an agonist modifiable FRET signal. 

Activation by full agonist (histamine or imetit) brought CFP and YFP fluorophores into either closer 

proximity or a more favorable (to the generation of a FRET signal) orientation, or both, thereby 

increasing FRET. The FRET signals of the intracellular sensors were recorded by measuring changes in 

FRET efficiency in the stably transfected cell line. Treatment with histamine (Figure 3A) or imetit 

(Figure 3B) increased the FRET signals in cells induced to express mGluR5-VSV-G-H3R-YFP-CFP, in a 

time- and dose-dependent manner. Study of the kinetics of sensor response showed that the kinetic 

curve was changed with histamine or imetit administration. Half-maximal effects of histamine were 

produced with 6.65 ± 0.11 nM (Fig. 3C), while imetit was less potent (EC50=9.15 ± 0.14 nM) 

(means ± S.E., n = 5). 

 

To determine the kinetic characters of the receptor, we calculated the association rate constant 

(Kon) and the dissociation rate constant (Koff). Then the dissociation constant (Kd) was calculated on 

the basis of the definition of the affinity constant (Kd = Koff / Kon), from this one can estimate the 

changes in the association energy. The studies indicated that the sensor construct bound to 

histamine with nanomolar affinity (10-5 M histamine, Kd = 3.60 ± 0.06 nM; 10-6 M, Kd = 3.53 ± 0.05 

nM; 10-7 M, Kd = 3.87 ± 0.11 nM; 10-8 M, Kd = 3.73 ± 0.04 nM; 10-9 M, Kd = 3.72 ± 0.06 nM, 

means ± S.E., n = 5) (Table.1). This is similar to the published Kd values for histamine [44-46]. 

Furthermore, imetit with the H3 receptor sensor affinity was also calculated with nanomolar affinity 

(10-5 M imetit, Kd = 4.72 ± 0.06 nM; 10-6 M, Kd = 4.81 ± 0.07 nM; 10-7 M, Kd = 4.75 ± 0.03 nM; 
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10-8 M, Kd = 4.75 ± 0.01 nM; 10-9 M, Kd = 4.57 ± 0.06 nM, means ± S.E., n = 5) (Table.1). This is 

also similar to the published Kd values for histamine [47, 48]. The results demonstrate therefore that 

this is a very fast association [46, 49, 50] and that both histamine and imetit showed the expected 

behavior, in that they were able to increase the nFRET signal in a time and concentration dependent 

manner. Analysis of kinetics of receptors induced by different agonists in living cells showed that 

receptor modulation occurs very rapidly, and different agonists act differently on different receptor 

subtypes [51].  

 

To determine whether ERK phosphorylation can be correlated with the changes in the FRET curve, 

the level of ERK phosphorylation was evaluated by western blot analysis. As shown in Figures 3D and 

F, the expression of mGluR5-VSV-G-H3R-YFP-CFP was strongly induced after treatment with 

doxycycline, and its expression was found to be agonist independent in the cells that show inducible 

and regulated expression of constructs cloned into the Flp-InTM T-RExTM 293 cells locus [37]. 

Furthermore, histamine or imetit treatment significantly increased phosphorylated ERK in a 

dose-dependent manner (Figures 3E and G). These results indicate that agonist treatment of 

mGluR5-VSV-G-H3R-YFP-CFP expressing cells was able to activate the ERK signaling pathway.  

 

Characterization of H3 receptor FRET sensor expression by radioligand binding 

Cells induced to express the mGluR5-VSV-G-H3R-YFP-CFP construct were used in intact cell ligand 

binding studies using [3H]-histamine, an agonist of H3 receptor [52-54]. These studies also indicated 

that the sensor construct bound this ligand with nanomolar affinity (Kd = 6.82 ± 0.18 nM, mean ± 

S.E., n = 3) (Fig. 4). This demonstrated similar binding affinity to that obtained from FRET method. 
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[3H]-histamine competition binding 

The accuracy of rate constants calculated for unlabeled compounds is highly dependent upon the 

precision of the kinetic parameters defined for the radioligand. Initial experiments were therefore 

performed to fully characterize the kinetic parameters of [3H]-histamine. 10 nM [3H]-histamine was 

used to experimentally determine the Koff value. And 10 μg well-1 cells membranes were used in the 

experiment. [3H]-histamine dissociation was found to be monophasic and gave a half-time of 

dissociation (t1/2) of 12.08 ± 2.26 min (n = 3) (Figure 5A) which when applied to Equation 1 gave a 

Koff of 0.057 ± 0.0003 min-1 (n = 3).  

 

Since the association rate of a ligand is, in part, dependent upon the concentration used, we 

constructed a series of kinetic association curves using a range of [3H]-histamine concentrations. 

Each association curve was monitored until equilibrium for that concentration (Ymax) was reached 

(Figure 5B). Using the value for Koff described above, the mean Kon value was calculated as 8.16 ± 

0.19×104 M-1 min-1. Furthermore, the kinetically derived Kd (Koff/Kon) calculated from the mean 

values for individual experiments (7.00 ± 0.24 nM) is in good agreement which the value obtained 

from [3H]-histamine saturation binding experiments (6.82 nM). Furthermore, this result is in good 

agreement with values obtained by Esbenshade TA et al [55]. This result is also consistent with the 

Kd value obtained from FRET method. 

 

The H3R sensors report conformational changes in response to antagonist application 

We used clobenpropit, an antagonist of H3R, to treat the cells and as anticipated, the addition of this 

antagonist at 10-6M resulted in a blocking effect upon the activation by imetit (Figure 6). However, 

removal of imetit and potential wash-out of imetit did not result in a rapid reversal of the FRET 

changes (Figure 6). This is consistent with sustained residency of the agonist on the receptor. 
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The H3R-mediated phosphorylation of ERK1/2 signaling pathways is inhibited by ciproxifan and 

clobenpropit 

ERK1/2 pathway is a critical effector of downstream GPCR signaling. Western blotting analysis was 

performed to determine whether ERK1/2 signaling pathway was activated by agonist treatment of 

mGluR5-VSV-G-H3R-YFP-CFP expressing cells. As shown in Figure 7A-D, treatment with histamine or 

imetit significantly increased phosphorylation of ERK1/2 in a time-dependent manner. However, this 

increase was significantly attenuated by ciproxifan or clobenpropit pretreatment. This suggests that 

binding of agonists to H3 receptor intramolecular sensor promoted the activation of downstream 

signaling pathways and the H3 receptor intramolecular sensors have biological activity. The results 

of ERK phosphorylation were also consistent with changes of FRET baselines. Constitutive activity of 

Gi-coupled GPCRs can be assessed by measuring inverse agonist-induced reduction of 

mitogen-activated protein kinase (MAPK) activity [56]. In the present study, western blotting analysis 

was performed to determine whether ERK1/2 phosphorylation was inhibited by pretreatment with 

the inverse agonist ABT-293. As unexpected, the results demonstrated that a histamine- or 

imetit-induced increase in ERK1/2 phosphorylation was inhibited by ABT-239 application (Fig. 7E-F). 

Therefore, the results indicated that at least for the ERK1/2 signalling pathway, the H3R biosensor 

lacks constitutive activity.  

 

Mutation of Phe-419, Phe-423, Leu-426 and Leu-427 in H3 Greatly Reduces Potency of imetit 

To further explore the activation of the FRET sensor determine we introduced a number of 

mutations into the H3R, following which changes in FRET at baseline and also the phosphorylation of 

ERK were evaluated. Previous studies have shown that Phe-419, Phe-423, Leu-426, and Leu-427 are 

important for coupling of the H3Rs to their cognate G proteins, and these amino acids are located at 

helix 8 in the carboxy-terminal tail of the human H3 receptor [57]. In the present study, these 

hydrophobic aromatic and aliphatic amino acids were changed to Ala (hydrophobic, but small) in the 

mGluR5-VSV-G-H3R-YFP-CFP sensor, and Flp-InTM T-RExTM 293 cell lines that express the mutated 

constructs, in the presence of doxycycline, were produced. Treatment of these mutant FRET sensor 

cell lines with the agonist imetit showed a loss of agonist activity, indeed, this form of the FRET 
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sensor failed to respond to the administration of imetit (Figure 8A). The introduction of these 

mutations, however, had no effect upon the expression level of the sensor as measured by -VSV-G 

immunoblotting (Figure 8B). Compared to the non-mutated H3 receptor intramolecular sensor, at 

which the highest concentration of imetit (1×10-6 M) caused significant increases in phosphorylation 

of ERK1/2 as shown by western blotting analysis (Figure 8C), the point mutation of F419A, F423A, 

L426A, and L427A resulted in similar levels of decrease in ERK1/2 phosphorylation. 

  This decreased ERK1/2 phosphorylation induced by the various point mutations correlated with 

the attenuation of FRET signals (Figure 8A and C). The results suggest that the loss of agonist 

activation mutations in the H3 receptor disrupt function of the intramolecular sensor and activation 

of downstream signaling pathways. Furthermore, results showed that the FRET sensors technique 

and phosphorylation of ERK method are in agreement. 

 

Discussion 

H3 receptor has been described as a key mediator in many diseases and is recognized as a potential 

target for treatment of cardiovascular disorders, inflammatory conditions, Alzheimer's disease and 

attention deficit hyperactivity disorder [58]. Moreover, blockade of the neuronal H3 receptor was 

also demonstrated to have neuroprotective effects in in vitro ischemia models [7]. These 

observations highlight the importance of screening and characterizing inverse agonist and hence 

neuroprotective ligands at the H3 receptor. However, there are, at present, few quick and effective 

tools for achieving this goal. Herein we describe the construction of FRET sensors based upon the 

Gi-coupled histamine-3 receptor as a direct detection tool to investigate receptor activation. 

Compared with other indirect methods, such as the cAMP production assay, the Ca2+ release assay, 

the ERK1/2 phosphorylation assay and the β–arrestin recruitment assay, the FRET sensor signal from 

receptor activation was not affected by other factors, such as downstream signals, the solubility of 

ligands. The H3R sensor exhibited a strong and rapid increase in the FRET signal when stimulated 

with the agonists histamine or imetit (Figures. 3 to 8). This is consistent with the results described 

for the Gi-coupled 5-HT-1B FRET sensor when stimulated with 5-hydroxytryptamine (5-HT) [28]. This 

is a clear contrast with the Gq-coupled orexin-1 receptor FRET sensor and orexin-2 receptor FRET 
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sensor, which showed a slow decrease in the FRET signal when stimulated with agonists [29]. Whilst, 

the similarly Gq-coupled to muscarinic M1, M3 and M5 acetylcholine receptor sensors showed a 

maximal increase in the FRET signal upon agonist exposure [59]. This difference might be explained 

by the different agonist classes (small molecule as opposed to peptide) mediating GPCR activation or 

possibly the different orientation factors between the two fluorophores rather than alternative 

movements of the helices upon receptor activation. Therefore, the reports strengthen the notion of 

a possible influence of orientation factors in the observed change of the FRET signals. 

 

Since the FRET-based approach represents a unique tool to monitor changes in receptor 

conformation in real time, we analysed the kinetics of the different orthosteric ligands used in this 

study. The basis of monitoring ligand-induced GPCR activation by intramolecular FRET is that ligand 

binding induces small conformational changes within the GPCR around the ligand binding site, which 

are then amplified to become larger movements at the cytoplasmic face of the receptor, in turn 

transmitting a signal to (usually, but not always) a G protein. Receptor activation for the H3R sensors 

occurred rapidly at histamine and imetit exposure in a concentration and time dependent manner 

(Fig. 3). Then we used the FRET sensors to study the dynamics of the interaction between ligands 

and GPCRs in live cells and calculated kinetic parameters, Kon and Koff of ligand binding for the first 

time (Table. 1). Next, we calculated the affinity constant (Kd). These data are in good agreement 

with the published binding affinities of H3R agonist ligands for stimulation with the endogenous or 

exogenous receptor agonists [60].  

 

From previous studies we know that downstream ERK1/2 phosphorylation is a good and widely 

used indicator of GPCR activation [15]. The importance of ERK1/2 phosphorylation in the process of 

neuronal survival and memory has been demonstrated many times [61]. Indeed, neuroprotective 

effects associated with activation of ERK phosphorylation may attenuate the extent of neuron injury 

in various animal models [62]. Consistent with this observation, the H3R activation here induced 

similar changes in ERK1/2 phosphorylation (Fig. 3 to 8) and has previously been described as full 

agonists for the decrease of cAMP production (Fig. 1H). We found that agonist of H3 receptor such 
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as histamine, imetit, methythistamine and dimaprint could promote ERK activation and present 

association with neuron protection. The study further demonstrated that activation of the ERK 

pathway is an important signaling conduit following H3R activation. The kinetics of FRET signal 

change with cAMP inhibition and ERK1/2 phosphorylation are consistent, which strongly suggest 

that FRET signal change is the direct indicator of GPCR activation.  

 

The importance of the identification and analysis of novel (and pharmacologically useful) GPCR 

ligands, together with the further analysis of those which are already known cannot be overstated. A 

number of GPCRs have recently emerged as potential drugs targets, even though their endogenous 

ligands maybe as yet unknown [63]. The fluorescence based techniques described here may well be 

applicable to the study of the interactions between ligands and these “orphan” GPCRs [64, 65]. 

Other forms of FRET sensors may additionally serve as important tools for studying the dynamic 

changes in the intracellular level of signaling molecules and metabolites in living cells. The aim of this 

study was to experimentally test the widespread of using of donor-acceptor FRET transfer rates to 

predict the ensemble FRET efficiency [66-69].  

 

FRET biosensors such as that described here may prove to be adaptable for ligand library 

screening, investigation of the kinetics of ligand binding and a host of other pharmacological 

analyses. There are FRET sensors available that can enable screens for a variety of important targets 

in their native cellular environment, screens that cannot be conducted in any other way than with 

FRET sensors, such as biased drugs, inverse agonists and antagonists. 

In conclusion, the H3 receptor sensors described in the present study reveal novel insights into H3 

receptor activation and it has been shown that the observed agonist activation dynamics are 

consistent with published pharmacological characteristics of H3 receptor. Therefore, the receptor 

sensors may provide a method to detect and even visualise H3 receptor activation in real time with 

high kinetic resolution, which could not be fulfilled by other biochemical techniques and may help to 

further screen drugs for H3 receptor modulation. 
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Materials and Methods 

Materials 

Doxycycline, imetit dihydrobromide, clobenprapit dihydrobromide, methylhistamine, dimaprint, 

ciproxifan, ABT-239, and monoclonal mouse anti-VSV-G antibodies were obtained from 

Sigma-Aldrich (Gillingham, UK). [3H]-histamine (specific activity 1 mCi mmol-1) was obtained from 

Amersham Biosciences U.K. Ltd (GE Healthcare, Chalfont St Giles, UK). Lipofectamine 2000 

transfection reagent was purchased from Invitrogen (Gibco, Germany). Protease inhibitor cocktail 

tablets were purchased from Millipore (Merck Millipore, Germany). Monoclonal rabbit p44/42 

mitogen-activated protein kinase (MAPK; ERK1/2) and polyclonal rabbit phospho-p44/42 MAPK 

(phosphor-ERK1/2) antibodies were obtained from Cell Signaling Technology (Cell Signaling 

Technology, USA). All other reagents were obtained from Thermo Fisher Scientific (Waltham, MA, 

USA) and Sigma Aldrich (Gillingham, UK). 

 

Construction of the H3R FRET-sensors 

Intramolecular FRET sensors of the human H3R comprised a C-terminally fused enhanced CFP, which 

acted as energy donor and an enhanced YFP, which acted as energy acceptor, inserted into the 3rd 

intracellular loop. The construct was generated by, firstly, replacing the Orexin-1 receptor sequence 

of pcDNA5/FRT/TO- VSV-G-h-Orexin-CFP [29] with histamine-3 receptor sequence by using the 

In-Fusion HD Cloning Kit (Clontech) to make pcDNA5/FRT/TO-VSV-G-histamine -3-CFP. A linearized 

vector was generated by PCR using the following primers: sense, 5′-ATGGTGAGCAAGGGCGAGG-3′; 

antisense primer, 5′-CTTACCAAGGCGGTTCATTTCG-3′. Subsequently, histamine 3-specific primers 

with 15 bp extensions homologous to vector ends were designed. The sequences of these primers 

were sense 5′-AACCGCCTTGGTAAGATGGAGCGCGCGCCGCCCGA-3′; antisense primer, 5′- 

CTTCCAGCAGTGCTCCAGGGCCTCGGCAGACGTGT-3′. Subsequently, YFP was inserted into the third 

intracellular loop of the histamine-3 receptor; 12 amino acids were retained at each end of the loop. 

The primers used were sense 5′-ATCCAGAGGCGCACCAT 
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GGTGAGCAAGGGCGAGGAGCTGTTC-3′; antisense primer, 5′-CGACTTGGCCACTTTC 

TTGTACAGCTCGTCCATGCCGAGAG-3′. 

 

Generation and maintenance of H3R stable Flp-InTM T-RExTM 293 cells 

To generate Flp-InTM T-RExTM 293 cells capable of expressing the FRET sensor constructs on induction, 

cells were transfected with a mixture containing the desired protein cDNA subcloned into the 

pcDNA5/FRT/TO vector and the pOG44 plasmid at a 1:9 ratio. Transfection was performed using 

Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer’s instructions. 

After 48 h, the medium was supplemented with 200 μg/ml hygromycin B to select for stably 

transfected cells. Cells were treated with 1μg/ml doxycycline for 24 h to induce the expression of 

desired protein, followed by screening for fluorescence corresponding to CFP and for VSV-G protein 

expression by western blotting. 

 

HEK 293T cell culture and transfection 

HEK 293T cells were maintained in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 

0.292 g/L L-glutamine, 1% antibiotic mixture, and 10% (v/v) newborn calf serum at 37°C in a 5% CO2 

humidified atmosphere. For transient expression the cells were transfected with FRET sensor 

constructs using Lipofectamine 2000 transfection reagent (Invitrogen) according to the 

manufacture’s protocols. Twenty-four hours after transfection, cells were screened for fluorescence 

corresponding to CFP and YFP.   

 

Cyclic AMP assay 

The stably transfected cells were plated into 96-well plates (typically between 6-10×103 cells/well) 

24 hrs prior to assay and simultaneously induced with 100 ng/ml doxycycline. Thereafter, the cells 

were incubated for exactly 10 min with fresh medium supplemented with 10 μM forskolin, and then 
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treated with different concentrations (10-5 M, 10-6 M, 10-7M, 10-8 M, 10-9 M and 0 M) of histamine or 

imetit for 5 minutes. After treatment, the cells were rinsed twice with 200 μl cold PBS, and 100 

μl/well 1× cell lysis buffer (#9803, cell signaling technology) added and the cells incubated on ice 

for 5 to 10 minutes. cAMP assays were then carried out using an ELISA kit, following the 

manufacturer’s instructions (Cell Signaling Technology). The amount of cAMP in each sample was 

calculated from a cAMP standard curve (0, 80, 26.7, 8.9, 3.0, 1.0 and 0.3 pmol/ml), using the 

non-linear regression-fitting function of the software package Prism 5.0. The percentage of activity is 

calculated as follows: % level = 100×[(A-Abasal) / (Amax-Abasal)], where A is the sample absorbance, 

Amax is the absorbance at maximum stimulation (high histamine or imetit concentration) and Abasal is 

the absorbance at basal level (no histamine or imetit).  

 

Western Blotting assay 

Cells samples were washed once in cold PBS and harvested with ice-cold RIPA buffer (Beyotime 

Biotechnology, China) supplemented with complete protease inhibitor cocktail (Millipore 

Corporation). The cell lysates were centrifuged at 12,000 × g for 15 min at 4°C and the protein 

content of supernatant was determined using a BCA assay kit (Beyotime Biotechnology, China). 

Equivalent amounts of total proteins were separated by SDS-PAGE (10%) and transferred to 

polyvinylidene difluoride (PVDF) membranes. The membranes were blocked (5% fat-free milk 

powder in PBS with 0.1% Tween-20) at room temperature for 1 h. The membranes were then 

incubated with primary antibody including VSV-G, β-tubulin, ERK or phosphorylated-ERK at 4°C on a 

rocking shaker overnight. Subsequently, the membranes were washed 3 times with TBST buffer for 

30 min (3×10 min) and incubated for 1 h with appropriate secondary antibody (diluted 1:10000 in 

blocking buffer) at room temperature. After washing, proteins were detected by enhanced 

chemiluminescence (Pierce Protein Research Products, Thermo Scientific) according to the 

manufacturer’s instructions. 
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ERK1/2 MAP Kinase Phosphorylation assay 

Phosphorylation of ERK1/2 MAP kinases was detected by protein immunoblotting using a 

phospho-ERK1/2-specific antibody (Cell Signaling Technology, Nottingham, UK). The PVDF 

membranes were stripped and re-probed using an anti-ERK1/2 antibody (Cell Signaling Technology) 

as a loading control. 

 

Detection of Internalization (Fluorescence Microscopy) of H3R 

Cells cultured on cover slips stably expressing an H3 receptor sensor were placed in a microscope 

chamber containing physiological HEPES-buffered saline solution (130 mM NaCl, 5 mM KCl, 1 mM 

CaCl2, 1 mM MgCl2, 20 mM HEPES, and 10 mM D-glucose, pH 7.4) and treated with 1×10-6 M imetit 

for different periods. The effect of CFP insertion on the distribution of receptors between the cell 

surface and cytoplasm was assessed by an inverted Olympus microscope.  

 

Detection of Internalization (Biotinylation) of H3R 

The stably transfected cells were grown and induced overnight with 100 ng/ml doxycycline in 6-well 

plates pre-coated with 0.1 mg/ml poly-D-lysine. Cells were then treated with specific ligands, as 

indicated. After treatment, plates were put on ice, the medium was removed and the cells were 

washed with ice cold borate buffer (10 mM boric acid, 154 mM NaCl, 7.2 mM KCl 1.8 mM CaCl2, pH 

9.0; 2 ml/well). Subsequently, 1 ml/well 0.8 mM Sulfo-NHS-SS-Biotin (Pierce, Thermo Scientific), in 

borate buffer, was added and the plates were incubated on ice in the dark for 30 min. After 

removing the biotin solution, the cells were washed with stop solution (192 mM glycine, 25 mM 

Tris-HCl, pH 8.3; 2 ml/well) and then incubated with 2 ml/well stop solution for 5 min on ice. 

Subsequently, the stop solution was removed and the cells were lysed by the addition of 500–1000 

μl RIPA lysis buffer, and placed on ice for 15 min. The cell lysates were transferred to 

microcentrifuge tubes and centrifuged at 18,000× g for 10 min at 4 °C. Streptavidin-agarose resin 

(100 μl/tube) (Pierce, Thermo Scientific) was then added and tubes were incubated on a rotating 

wheel at 4 °C overnight followed by centrifugation at 2,000 ×g for 2 min at 4 °C. The supernatant was 
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removed and the resin was washed with 500 μl RIPA buffer three times. Subsequently, SDS-PAGE 

sample buffer (100 μl) containing 5% β-mercaptoethanol was added and tubes incubated at 37 °C for 

1 h. The cell lysates and biotinylated samples were then subjected to SDS-PAGE and western blotting 

as described above. 

 

Quantification of FRET efficiency 

Cells induced to express the mGluR5-VSV-G-H3R-YFP-CFP construct were washed and placed into a 

microscope chamber containing physiological HEPES-buffered saline solution (130 mM NaCl, 5 mM 

KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM HEPES, and 10 mM D-glucose, pH7.4), and then imaged using 

an inverted Olympus IX83 micoscope (Olympus Instruments) equipped with a ×40 (numerical 

aperture = 1.3) oil immersion Fluor lens. Excitation light was generated from a computer-controlled 

Optoscan monochromator (TILL photonics, FEI, Germany), which was coupled to an ultra-highpoint 

intensity Optosource lamp, (TILL photonics) fitted with a 103-watt mercury arc lamp (Osram 

103W/2). The monochromator was set to 427 nm with a bandwidth, (BW) of 5 nm or 504 nm/BW5 

nm, to visualise cell surface located CFP-tagged receptors labelled with YFP. Excitation light, (427 nm 

or 504 nm), was reflected through the lens using a cyan/yellow fluorescent protein dual band 

dichroic filter (Semrock; Rochester, NY, catalogue no. FF440/520-Di01), mounted in the microscope. 

FRET and donor emission images were recorded at exactly the same time interval using a Quadview 

2, (QV2), image splitting device (Photometrics, Canada), coupled to a CoolSnap-HQ2 camera 

connected to the microscope bottom port for maximal detection of emitted fluorescence. FRET and 

donor emission signals were detected simultaneously using the following Chroma (Chroma, 

Brattleboro, VT), ET series dichroic and emitters mounted in the QV2 cube: ET t505LPXR dichroic, 

ET535/30 nm, ET 470/30 nm. Using the streaming capability of the multiple dimensional wavelength 

acquisition module of MetaMorph, ligand-induced changes in intramolecular FRET were recorded at 

40 ms intervals during excitation with 427 nm light directly to the computer hard drive. The Cool 

Snap-HQ2 camera was operated in 14-bit mode and exposure time, binning (8 × 8), and camera gain, 

were kept constant for all streaming experiments. Computer control of all electronic hardware and 

camera streaming acquisition was achieved using Metamorph software (version 7.7.5 Molecular 
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Devices, Sunnydale, CA). TTL controlled solenoid valves connected to a peristaltic pump operated at 

a flow rate of 5 ml/min were used to rapidly add or remove test ligands to or from the imaging 

chamber. Cells were treated for 1 minute in total, in detail, the cells were first treated with 

HEPES-buffer for 15 sec, then with different concentration of agonists for 15 sec, and finally with 

HEPES-buffer for 30 sec. In our FRET assay experiments the quantification of FRET efficiency is 

dependent upon the distance between two interacting fluorescence dipoles, therefore ligand 

evoked changes in the conformational state of the receptor will alter FRET efficiency. All of the 

intracellular FRET assays were performed with a fixed acceptor to donor stoichiometry, therefore 

the ratio of acceptor emission to donor emission was used to measure the relative FRET efficiency 

(ratiometric FRET), which eliminated the need to correct for fluorescence bleed through 

contamination. A CFP-YFP tandem reference construct with known FRET efficiency was used for 

calibration in each experiment, and all analyses of acquired images were performed using 

MetaMorph software (Molecular Devices). Ratiometric FRET region of interest values were then 

calculated as the average 535 nm emission intensity divided by the average 470 nm emission 

intensity. The quantified FRET ratios were exported to Prism 5.02 (GraphPad Software Inc.) and the 

baseline FRET ratio was normalised to 1.0 using the transforming module of the software and 

plotted over time. 

 

Performance of acceptor photobleaching 

Resonance energy transfer was quantified using the FRET acceptor photobleaching method 

described by Kenworthy [70]，whereby high intensity laser illumination photobleaching destruction 

of the acceptor (YFP) will convert the donor from a quenched to an unquenched state and a 

significant increase in fluorescence of the donor (CFP) will be observed in the recorded post bleach 

donor channel sequence of images.  
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An invert Nikon A1R confocal microscope (Nikon, Dusseldorf, Germany), equipped with the laser 

lines 440 nm and 514 nm were operated at low power intensity (0.15%), to ensure that the 

collection of the pre-bleach (n = 5), and post-bleach (n = 5), set of donor (emission set to 470 nm), 

and acceptor (emission set to 535 nm), images did not suffer significantly from masked 

photobleaching issues prior to ROI selective photobleaching destruction of the acceptor fluorescent 

protein to eliminate resonance energy transfer from the donor to the acceptor. Selective ROI 

photobleaching illumination destruction of the acceptor was achieved by setting the laser power of 

the 514 nm laser line to 75% power intensity (95 mW laser power at the specimen), and the selected 

ROI drawn on the acceptor channel image was repeatedly scanned 20 times using these bleaching 

illumination conditions prior to acquisition of the post bleach donor and acceptor image sets. The 

objective lens used for imaging the cells was a ×40 oil immersion fluor objective (NA = 1.3) and 

images were collected using 2× zoom to the middle of the cell. FRET efficiency (E) was quantified by 

using the following formula: 

 

E = 1 – (Prebleach Donor ROI fluorescent intensity / (Postbleach Donor ROI fluorescent intensity. 

 

Receptor Activation Switch Kinetic Data Analysis 

Baseline fluorescence was measured for 15 seconds before ligand addition and ligand-driven 

fluorescence changes were measured until they reached a plateau, (i.e. 15 secs after ligand 

addition). All data were corrected for fluid superfusion dead space, (15 secs), and curve fit analysis 

was performed using Prism 5.01 (GraphPad Software Inc., San Diego, CA). Ligand driven, 

concentration dependent time course changes in the rate of rise of the FRET ratio signal, (e.g. Kon = 

observed ligand driven receptor activation switch kinetics), were quantified using Graphpad’s one 

phase exponential association algorithm. Rate of decrease in the FRET signal upon ligand removal 

was measured by fitting a mono-exponential dissociation algorithm (Koff). All values are given as 

mean ± S.E.M. of n independent experiments. Statistical comparisons between parameters were 

performed using Student's t test, with p < 0.05 taken as indicating significance.  
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Cell membrane preparation 

H3R biosensor stable expression cells were grown to 80-90% confluency in 150 cm2 cell-culture 

plates with doxycycline induction as required. The cell-culture media was removed and the 

monolayer briefly washed with ice-cold HBS-EDTA (2×10 ml; 10mM HEPES, 0.9% w v-1 NaCl, 0.2% w 

v-1 EDTA pH7.4). All subsequent steps were conducted at 4°C to avoid receptor degradation. 

HBS-EDTA (10 ml) was added and left for approximately 20 min for the cells to detach from the 

culture substrate. The cells were then removed from the plates into a 50 ml centrifuge tube and 

subsequently centrifuged at 250×g for 5 min to allow a pellet to form. The supernatant fraction was 

aspirated and 20 ml per 150 cm2 tray of wash buffer 1 (10 mM HEPES, 10 mM EDTA, pH 7.4) was 

added to the pellet. This was homogenised using a Polytron (20,000 RPM, 5×10 s bursts) and 

subsequently centrifuged at 50,000×g at 4 °C for 5 min. The supernatant fraction was colletcted 

and the pellet rehomogenised and centrifuged at 50,000×g at 4 °C for 15 min in wash buffer 2 (10 

mM HEPES, 0.1 mM EDTA, pH 7.4). The final pellet was suspended in wash buffer 2, protein 

concentration was assessed and membranes were stored at -80 °C until required. 

 

[3H]-histamine saturation binding assays (membrane) 

Binding was established by the addition of 10 μg of membrane protein to assay buffer (25 mM 

HEPES, 0.5 mM EDTA, and 2.5 mM MgCl2, pH7.4, supplemented with 0.3% BSA) containing varying 

concentrations of [3H]-histamine (0.4–16 nM). Reaction were incubated for 90 min at 25 °C, and 

bound ligand was separated from free by vacuum filtration through GF/C filters (Brandel Inc, 

Gaithersbrug, MD). The filters were washed twice with cold assay buffer and transfer filter disks to 

scintillation vials, add scintillant, and then counted by using Multi-Purpose Scientillation Counter 

(BECKMAN COULTER LS6500, USA). The bound ligand was estimated by liquid scintillation 

spectrometry. 
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[3H]-histamine saturation binding assays (intact cells) 

Cells were grown overnight, with doxycycline induction as required, on white 96-well plates, which 

had been treated with 0.1 mg ml-1 poly-D-lysine. The medium was removed and replaced with 200 μl 

per well buffer containing 150 mM NaCl, 20 mM HEPES and 0.5% BSA, pH 7.4 with varying 

concentrations of [3H]-histamine (0.4–16 nM). The plates were incubated at 25 °C for 60 min and 

terminated by removal of the binding mixture, followed by washing with 3 × 200 μl per well, ice-cold 

1 × PBS. The plates sealed before incubation for 2 h at room temperature on a rapidly shaking 

platform. Using the specific binding per well and the number of cells per well, mol [3H]-histamine 

cell-1 was determined.  

 

[3H]-histamine competition binding assays  

For competition binding assays, the concentration of [3H]-histamine was 10 nM, and three different 

concentrations of unlabeled ligand were co-added simultaneously. At the indicated time points, 10 

μg of membrane protein was added and incubated with 0 - 270 min time points. Three different 

concentrations of competitor were assessed to ensure that the rate parameters calculated were 

independent of ligand concentration.  

 

Determination of the observed association rate (Kob) of [3H]-histamine 

To determine the Kon accurately, the Kob of [3H]-histamine was calculated at the concentration of 

10 nM. The experiment was initiated (t = 0) by the addition of [3H]-histamine to H3R stable 

expression cell membranes (10 μg well-1) in assay binding buffer (final assay volume 500 μl) and 

incubated with 0 - 270 min time points. All samples were then processed simultaneously. Free 

[3H]-histamine was separated at multiple time points to construct association kinetic curves. After 

incubation, bound was separated from free by rapid filtration, plates were left to dry and 

radioactivity quantified. 
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Determination of the dissociation rate (Koff) of [3H]-histamine 

The dissociation rate of [3H]-histamine was determined by allowing approximately 10 nM 

[3H]-histamine (exact concentration determined for each experiment using liquid scintillation 

counting) to reach equilibrium with H3R stable expression cell membranes (10 μg well-1) in a final 

volume of 500 μl. Equilibrium was verified by harvesting an identical plate before the start of the 

experiment and then comparing total binding on this plate to that on the proceeding plates. After 

equilibrium was reached (approximately 1 h), reassociation of [3H]-histamine was prevented by the 

addition of 1.5 ml clobenpropit (1 μM final). The moment of clobenpropit addition was considered as 

t = 0 and bound [3H]-histamine was measured at multiple time points post t = 0. Care was taken to 

ensure that [3H]-histamine was fully dissociated from the H3 receptor. Dissociation data were fitted 

to a single-phase exponential decay function and the t1/2 value obtained was transformed into a Koff 

rate using Equation 1: 

Koff =
0.693

t1/2

(1)

 

[3H]-histamine association data were fitted to a single-phase exponential association function to 

calculate an observed rate constant Kob. The association rate constant, Kon, was calculated using 

Equation 2, as described originally by Hill [71]: 

Kon =
(Kob - Koff)

(2)
[radioligand]

 

Where the Koff value used was predetermined from dissociation rate experiments. 
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Table.1 Association and dissociation rate constants (Kon, Koff) and dissociation constant 

(Kd) determined with FRET sensor 

Data represent the mean ± S.E.M. of five experiments performed in duplicate. Kon, the 

associations rate constant; Koff, the disociation rate constant; Kd is then calculated as the Koff/Kon 

ratio. 

* significantly different (p<0.05) from the histamine treatment and imetit treatment as determined 

by one-way ANOVA followed by Dunnett’s post test.  

 

 

 

 

 

 

 

 

 

Histamine (M) 

 10
-5

 10
-6

 10
-7

 10
-8

 10
-9

 

Kon (10
5
M

-1
s

-1
) 0.55 ± 0.12 0.55 ± 0.04 0.50 ± 0.03 0.44 ± 0.05 0.30 ± 0.10 

Koff (10
-3

s
-1

) 0.20 ± 0.08 0.20 ± 0.11 0.19 ± 0.07 0.16 ± 0.07 0.11 ± 0.08 

Kd (nM) 3.60 ± 0.06 3.53 ± 0.05 3.87 ± 0.11 3.73 ± 0.04 3.72 ± 0.06 

Imetit (M) 

 10
-5

 10
-6

 10
-7

 10
-8

 10
-9

 

Kon (10
5
M

-1
s

-1
) 0.62 ± 0.13* 0.59 ± 0.02 0.58 ± 0.10 0.53 ± 0.05 0.53 ± 0.07* 

Koff (10
-3

s
-1

) 0.29 ± 0.05* 0.29 ± 0.06* 0.27 ± 0.12* 0.25 ± 0.03* 0.24 ± 0.04* 

Kd (nM) 4.72 ± 0.06 4.81 ± 0.07 4.75 ± 0.03 4.75 ± 0.01 4.57 ± 0.06 
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.  

 

 

Figure 1. Design and expression of an H3R FRET sensor and its internalization in response to imetit 

treatment. A. Cartoon to show the human H3 receptor modified at the N-terminus by the addition 

of a leader sequence from the metabotropic glutamate 5 receptor (mGluR5) followed by the VSV-G 

peptide epitope sequence, whilst enhanced cyan fluorescent protein (CFP) was fused in-frame to the 

C-terminus. YFP was introduced into the third intracellular loop which links transmembrane domains 

V and VI. Energy transfer from CFP to YFP and subsequent output is illustrated. B. Amino acid 

sequence of the intracellular loop 3 of human H3 receptor. In the sensors used in this study, the YFP 

motif replaced the sequence underlined in red, with both ends of the loop retaining 12 amino acids. 

C. The plasmid construct was transiently transfected into HEK293 cells and the expression of CFP and 

YFP fluorescence was observed. Scale bar 10 μm. D. The construct was cloned into the Flp-In locus of 

Flp-In TM T-REx TM HEK 293 cells and expression induced by addition of doxycycline, imaging of CFP or 

YFP showed effective delivery of this sensor to the cell surface. Scale bar 10 μm. E. Flp-InTM T-RExTM 

HEK 293 cells induced to express mGluR5-VSV-G-H3R-YFP-CFP were imaged to detect CFP at various 

times following addition of imetit (1×10-6 M). Scale bar 10 μm. F and G. Cell surface biotinylation 

studies were performed on Flp-InTM T-RExTM HEK 293 cells harboring the mGluR5-VSV-G-H3R-YFP-CFP 

construct that was either doxycycline-induced, or not, to express the sensor. The induced cells were 

treated with 1×10-6 M imetit for varying times (F) or different concentrations of imetit were added 

for 40 min (G). Cell surface biotinylated proteins were captured, resolved by SDS-PAGE, and 

mGluR5-VSV-G-H3R-YFP-CFP was detected by immunoblotting with anti-VSV-G. Imetit induced 

internalization, and therefore, reduced the amount of cell surface mGluR5-VSV-G-H3R-YFP-CFP 

available to be biotinylated, in a time- and concentration-dependent manner. Representative 

examples are shown of n=3 independent experiments. H. cAMP accumulation in cells of H3R FRET 
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sensor was measured by using a cAMP assay kit. Concentration-response curves for histamine (blue) 

and imetit (red) are presented. Data shown are from three experiments, data points are mean ± 

S.E.M., n =3. Data were analysed by non-linear regression and were best fit to a sigmoidal 

concentration response curve. 

 

 

 

 

 

Figure 2. Acceptor photobleaching of cells stable expression of a CFP-YFP fusion. A-D, a YFP-image 

and a CFP-image before bleaching (A and C) or after bleaching (B and D). (E) CFP (donor) channel 

before the bleach and (F) CFP (donor) channel after the bleach. No dramatic change in CFP 

fluorescence is observed in the zones bleached by the 514 laser line (red square in (F) vs. (E)). (G) 

Quantification of fluorescent intensity in a representative example shows an increase in 

fluorescence after the bleach. Scale bar 10 μm. 
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Figure 3. Response of an H3 intramolecular FRET sensor to histamine or imetit is both time- and 

dose-dependent. Flp-In
TM

 T-REx
TM

 293 cells induced to express mGluR5-VSV-G-H3R-YFP-CFP 

were used for FRET imaging studies. A and B, various concentrations of histamine (A) or imetit (B) 

were added at the indicated point and the FRET signal monitored over the ensuing 15 s period. 

Agonist was removed after application for 15 s. C. Change in normalized FRET signal due to addition 

of the ligands at the 15 s time point was measured and normalized against the effect of 10
-5

 M 

histamine or imetit, defined as 100%, or vehicle, defined as 0%. The H3R intramolecular sensor cells 

were treated with various concentrations of histamine (D) or imetit (F) for 5 min. The effects of 

histamine or imetit on the expression of the construct were assessed by western blotting. The H3R 

intramolecular sensor cells were serum-starved for 12 h, stimulated with various concentrations of 

histamine (E) or imetit (G) for 5 min, and the expression of phosphorylated ERK (p-ERK) and total 

ERK was analysed by western blotting. Flp-in: Flp-In
TM

 T-REx
TM

 293 cells; vector: pcDNA5/FRT/To 

vector; probe: p5-mGluR5- VSV- G-H3R-YFP-CFP. Data represents means ± S.E., n = 3. ** 

significantly different (p<0.01) from the histamine treatment and imetit treatment as determined by 

one-way ANOVA followed by Dunnett’s post test. 
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Figure 4. Modifications to generate the H3R intramolecular FRET sensor have similar binding 

characteristics of the H3 receptor. Saturation [3H]-histamine binding studies were performed on 

intact Flp-In TM T-Rex TM 293 cells induced to express mGluR5-VSV-G-H3R-YFP-CFP. Binding was 

performed with a range of concentrations of [3H]-histamine (0.4-16 nM) to construct saturation 

binding curves. Specific binding was defined as the difference between total binding and nonspecific 

binding observed in the presence of 10 μM clobenpropit. Experiments shown are representative of 

means ± S.E., n = 3. 
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Figure 5. Characterizations of the kinetic parameters of [3H]-histamine. To determine Koff (A) 

Stable cells membranes (10 μg well-1) were preincubated with [3H]-histamine until equilibrium was 

obtained. Reassociation of [3H]-histamine was then prevented with the addition of 1 μM (final 

concentration) clobenpropit at the indicated time points. Data was bet fitted using a one-phase 

exponential decay function to produce a t1/2 estimate. This was converted into a Koff value by using 

Equation 1, as detailed in the Methods. Data represents means ± S.E., n=3. The Kon (B) was 

determined by incubation of stable cell membranes (10 μg well-1) with the indicated concentrations 

of [3H]-histamine for various time points. Data was fitted using a one phase exponential association 

function to yield an observed on-rate (Kob). The Kon value was calculated using Equation 2, as 

detailed in the methods. Data represents means ± S.E., n=3. 
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Figure 6. FRET signal increase due to agonist stimulation is abolished by co-addition of H3R 

antagonist. The H3R intramolecular sensor cells were pre-treated with 1×10
-6 

M clobenpropit (CLO) 

for 20 min, following which studies were conducted as described in Figure. 3. The H3 receptor 

antagonist clobenpropit did not modulate the FRET signal of mGluR5-VSV-G-H3R-YFP-CFP when 

used alone, but when added concurrently with imetit (IME) blocked the effect of the agonist. Data 

represents means ± S.E., n=5. 
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Figure 7. Effect of the H3R antagonists ciproxifan and clobenpropit on the intramolecular sensor 

mediated ERK1/2 activation. Serum-starved H3R cells were pretreated with 1×10
-6

M ciproxifan for 

1 h. Cells were then stimulated with 1×10
-6 

M histamine (A) or imetit (C) for the indicated 

time-periods. Similarly, serum starved H3R cells were pretreated with 1×10
-6 

M clobenpropit for 20 

min, and the cells were stimulated with 1×10
-6 

M histamine (B) or imetit (D) for the indicated 

time-periods. The expression of phosphorylated ERK (p-ERK) and total ERK were analysed by 

western blotting. Moreover, serum starved H3R cells were pretreated with 1×10
-6 

M ABT-239 for 20 

min, and the cells were stimulated with 1×10
-6 

M histamine (E) or imetit (F) for the indicated 

time-periods. The expression of phosphorylated ERK (p-ERK) and total ERK were analysed by 

western blotting. 
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Figure 8. The effect of F419A, F423A, L426A, L427A and F419A+L426A point mutations on the 

FRET signal and phosphorylation of ERK from H3R sensor treated with agonist. The point 

mutants F419A, F423A, L426A, L427A and double mutant F419A+L426A were introduced into the 

mGluR5-VSV-G-H3R-YFP-CFP construct. Flp-In 
TM

 T-Rex 
TM 

293 cells expressing these variants in 

response to doxycycline were generated. A. 1×10
-6 

M imetit was added at the indicated point, and the 

FRET signal was detected. B and C. The expression of the construct VSV-G tag and phosphorylation 

of ERK were measured by western blotting analysis. Flp-in: Flp-In
TM

 T-REx
TM

 293 cells; vector: 

pcDNA5/FRT/To vector; probe: p5-mGluR5- VSV- G-H3R-YFP-CFP 


