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Abstract

Neuronal coding of stimulus-to-action sequences are believed to involve the release of dopamine 

(DA) and norepinephrine (NE). The electrochemical similarity of these monoamines, however, 

confounds real-time measurements of their release. Here we report the creation of cell-based 

neurotransmitter fluorescent-engineered reporters (CNiFERs) that utilize the specificity of G-

protein coupled receptors (GPCRs) to discriminate nanomolar concentrations of DA and NE. 

CNiFERs were implanted into frontal cortex of mice to measure the timing of neurotransmitter 

release during classical conditioning using two-photon microscopy. The onset of DA release 

correlated with that of licking and monotonically shifted from the time of the reward toward that 

of the cue. In contrast, concurrent release of NE did not correlate with licking or the cue. This new 

generation of CNiFERs provides unique tools to assess the release of monoamines. The molecular 

design of these CNiFERs may be generalized to realize CNiFERs for any molecule that activates a 

GPCR.
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INTRODUCTION

Neuronal processing in cortex plays an essential role in the transformation of sensory 

perception into motor actions. Neurotransmitters, which signal via slow extra-synaptic 

pathways as well fast synaptic pathways, are involved in the plasticity and refinement of 

neuronal processing that underlies the execution of behaviors. Slow signaling occurs 

through volume transmission over a period of seconds, as opposed to the millisecond scale 

for fast synaptic transmission1,2. The transmitters involved in slow signaling are believed to 

drive the plasticity of neural circuits and network activity. In particular, the monoamines 

dopamine (DA) and norepinephrine (NE) are required for the brain to adapt to a changing 

environment, such as in the formation of working memories, changes in attention, 

enhancement of decision-making3–5, and perceptual learning6,7. A major obstacle in 

neuroscience has been the inability to detect the release of DA and NE in vivo with 

sufficient chemical specificity, spatial resolution, and temporal resolution.

Primarily two techniques have been established to measure the extracellular concentration of 

neuromodulators in vivo. The most common technique is microdialysis8. A dialysis cannula 

is stereotaxically implanted into the brain and samples are collected for identification by 

high-performance liquid chromatography and electrochemical detection. While 

microdialysis can accurately identify neurotransmitters9,10, it requires the collection of 

relatively large samples and has poor temporal resolution, exceeding ten minutes per sample 

in the case of monoamines11. Moreover, the insertion of microdialysis probes can disrupt 

monoaminergic activity near the probe track12. The second method to measure the 

extracellular concentration of neuromodulators is fast-scan cyclic voltammetry (FSCV). 

This technique improves on the temporal resolution, i.e., ~ 100 ms as opposed to hundreds 

of seconds for microdialysis, spatial resolution, i.e., ~ 100 μm as opposed to a few 

millimeters for a cannula, and has nanomolar sensitivity. The use of FSCV has been most 

successful for the detection of dopamine and serotonin, yet DA and NE, which differ by a 

single hydroxyl side-group, have indistinguishable cyclic voltammetry signatures when they 

oxidize on traditional carbon potentiometric probes13. Thus FSCV use has been limited to 

areas of the brain in which only one of DA or NE is thought to be present. For example, 

cyclic voltammetry is commonly used in the striatum, which receives a strong DA 

projection14. However, measuring DA and NE in neocortex, which receives strong 

projections from dopaminergic and noradrenergic neurons, has remained a formidable 

challenge for cyclic voltammetry.

To address the current limitations in measuring neurotransmitters in vivo, we have 

developed a new technology to optically detect the release of classical neurotransmitters in 

the brain. Previously, we created a cell-based neurotransmitter fluorescent engineered 

reporter (CNiFER) for detecting acetylcholine15. CNiFERs are implanted into target brain 

regions where they report changes in neurotransmitter release in vivo. Important advantages 

of CNiFERs are their detection of nanomolar, physiological concentrations of 

neurotransmitter combined with their temporal resolution of seconds and spatial resolution 

of less than 100 μm. These sensors are clonal cell-lines engineered to express a specific Gq-

type G protein coupled receptor (GPCR) that triggers an increase in intracellular [Ca2+] 

which, in turn, is rapidly detected by a genetically encoded FRET-based Ca2+ sensor. This 
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system transforms neurotransmitter receptor binding into a change in fluorescence and 

provides a direct and real-time optical readout of local neurotransmitter activity. 

Furthermore, by utilizing the natural receptor for a given transmitter, CNiFERs gain the 

chemical specificity and temporal dynamics present in vivo. By utilizing a strategy for 

redirecting Gi/o coupled GPCRs to the phospholipase-C/inositol 1,4,5-trisphosphate 

(PLC/IP3) pathway16, we report here the creation of two new CNiFERs to detect DA and 

NE.

To test the function of monoamine CNiFERs in vivo, we simultaneously imaged DA- and 

NE-sensitive CNiFERs implanted in frontal cortex of mice as they learned to associate a cue 

with a reward during classical conditioning. Dopamine neurons in the midbrain transiently 

spike during reinforcement17 and release DA in the striatum and cortex2,18. Previous studies 

demonstrated that classically conditioned cue-reward pairings increased neuronal firing in 

midbrain neurons with a temporal shift from the time of the reward, i.e., the unconditioned 

stimulus, to the time of the predictive cue, i.e., the conditioned stimulus19. Similarly, 

neurons in the locus coeruleus transiently spike in response to task-relevant stimuli3,20, 

suggesting that NE levels may also increase in the cortex during conditioning. Dialysis 

studies have shown efflux of both DA and NE in the cortex during conditioning11,18, but 

these measures lacked sufficient temporal resolution to determine the relationship of their 

release to specific stimuli and cognitive processes within conditioning trials. We use DA-

and NE-sensitive CNiFERs to readdress these issues with real-time, concurrent 

measurements of DA and NE release in murine frontal cortex during behavioral 

conditioning.

RESULTS

Creation of CNiFERs to detect DA or NE

A CNiFER is derived from a HEK293 cell that is engineered to stably express at least two 

proteins: (i) a specific G-protein coupled receptor (GPCR) and (ii) TN-XXL, a genetically 

encoded [Ca2+] sensor based on fluorescence resonance energy transfer (FRET) between 

cyan and yellow fluorescent proteins (CFP and YFP, respectively) that utilizes a component 

of troponin to bind Ca2+ ions15,21. Activation of GPCRs that couple to endogenous Gq G-

proteins trigger an increase in cytosolic [Ca2+] through the PLC/IP3 pathway, leading to an 

increase in FRET from the TN-XXL (Fig. 1a,b). The increase in FRET provides a rapid 

optical read-out of the change in neurotransmitter levels. To develop a new CNiFER for 

detecting DA and one for NE, we selected two GPCRs with high affinity and selectivity; the 

D2 dopaminergic receptor and the α1a adrenergic receptor (Fig. 1a,b). The α1a adrenergic 

receptor couples to Gq G-proteins and could be introduced directly into HEK293 cells. The 

D2 dopaminergic receptor, on the other hand, couples to Gi/o G-proteins and first required 

the creation of a clonal HEK293 line that expresses Gqi5, a chimeric G-protein16. This 

chimeric G-protein contains primarily the Gαq sequence but the five amino acids of the 

carboxyl terminus have been replaced with those of Gαi/o to enable coupling to the D2 

receptor but signaling through the PLC/IP3 pathway (Fig. 1a,b).

HEK293 cells were first transduced with replication deficient lentivirus to express the TN-

XXL calcium indicator. Following FACS analysis, clonal cells were screened for the 
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greatest response to an increase in the internal calcium concentration. This clonal line, with 

only the calcium indicator, is denoted clone 3g8. To create the α1a-CNiFER, clone 3g8 was 

subsequently transduced with a lentivirus that expressed the α1a adrenergic receptor. To 

create the D2-CNiFER, clone 3g8 was transduced with a lentivirus that expressed the 

chimeric Gqi5 protein, forming a Gqi5.-expressing clone denoted qi5.6, and transduced again 

with a lentivirus to stably express the D2 receptor.

To identify the CNiFER clones with the best sensitivity to the native ligand and smallest 

response to other neurotransmitters, we used a high-throughput fluorometric plate reader to 

screen the individual clonal lines. Two lines, D2-CNiFER (clone D2.2) and α1a-CNiFER 

(clone α1a.6) were selected for more detailed analyses. Importantly, the parent lines lacking 

the receptors, clones 3g8 and qi5.6, serve as control CNiFERs. An example of the FRET 

response from the plate reader shows that agonist application leads to a step-decrease of 

CFP emission and a step-increase of YFP emission (Fig. 1c). The calculated fractional 

change in fluorescence, ΔF/F, for each signal (Fig. 1c; upper panel) was used to obtain the 

FRET ratio, denoted ΔR/R (Fig. 1c; lower panel) (Methods).

In vitro characterization of D2- and α1a-CNiFERs

How sensitive and specific are the new CNiFERs to the chosen agonists? The D2-CNiFER 

displayed nanomolar sensitivity to DA, with an EC50 = 2.5 ± 0.1 nM (mean ± SEM, here 

and everywhere unless specified; n = 3 runs), and a response to NE that was ~ 30 times less 

sensitive than DA (EC50 = 81 ± 8 nM for NE) (Fig. 1d; left panel). Similarly, the α1a-

CNiFER exhibited nanomolar sensitivity to NE with an EC50 = 19 ± 1 nM (n = 3) and a DA 

response at high concentrations (EC50 = 1.4 ± 0.1 μM for DA) (Fig. 1d; right panel). 
Importantly, the dynamic ranges of the D2-and α1a-CNiFERs are comparable to the levels 

of monoamines measured with microdialysis11,22,23 and FSCV24,25 in the rodent brain. As a 

control, we examined HEK293 lines lacking the GPCR. We observed that the Gqi5-TN-XXL 

HEK293 line (Fig. 1d; left panel, dotted line;qi5.6) and TN-XXL HEK293 line (Fig. 1d; 

right panel, dotted line;3g8) showed an insignificant FRET response to either DA or NE at 

high concentrations (n = 3 for each condition, p > 0.08).

To test for non-specific receptor activation, we conducted a full panel screen using a set of 

common neurotransmitters at a low (50 nM) and a high concentration (1 μM) (Fig. 1e). The 

D2-CNiFER did not show appreciable response to most agonists and only responded weakly 

to somatostatin (ΔR/R = 0.2), acetylcholine (ΔR/R = 0.1) and vasointestinal peptide (VIP) 

(ΔR/R = 0.1) at 1 μM. The α1a-CNiFER did not show appreciable response to other 

agonists.

We next investigated the pharmacological receptor specificity of the D2- and α1a-CNiFERs 

since HEK293 cells possess endogenous GPCRs (Fig. S1). The D2-CNiFER response to 20 

nM DA was not significantly altered following pre-incubation with the D1 receptor 

antagonist SCH23390 (100 nM) (normalized ΔR/R = 1.00 ± 0.03, n = 5, p = 0.99, unpaired 

t-test), but was fully blocked by pre-incubation with the D2 receptor antagonist eticlopride 

(50 nM) (normalized ΔR/R = 0.04 ± 0.02, n = 5, p = 0.0003, unpaired t-test). Similarly, the 

response of the α1a-CNiFER to 50 nM NE was not significantly altered by pre-incubation 

with the β-adrenergic receptor antagonist sotatol (5 μM) (normalized ΔR/R = 0.82 ± 10, n = 
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4, p = 0.17, unpaired t-test) but was strongly suppressed by pre-incubation with the α1a-

antagonist WB4101 (50 nM) (normalized ΔR/R = 0.09 ± 0.03, n = 4, p = 0.0001, unpaired t-

test). Taken together, these data establish the specificity of the D2- and α1a-CNiFERs.

The natural release of both NE and DA in vivo can be pulsatile. It was thus important to 

determine the response of CNiFERs to a pulse of agonist. We used a fast perfusion system to 

apply pulses at near-saturating concentrations, i.e., 2.5 s pulses of 100 nM agonist mixed 

with a fluorescent dye, as illustrated by the data of Figure 2a for the response of a cluster of 

CNiFERs to a single pulse. At the level of individual cells (n = 20), a D2-CNiFER 

responded with a delay of 2.9 ± 0.2 s, reached a maximum response at 6.9 ± 0.6 s after the 

pulse onset, and had a maximum FRET ratio of 0.57 ± 0.03 (± 0.13 SD for a cell-to-cell 

variability of 23 %) (Fig. S2a). Similarly, pulses of NE increased the FRET ratio for an 

individual α1a-CNiFER with a delay of 2.3 ± 0.1 s, reached a maximum at 5.1 ± 0.3 s, and 

had a FRET ratio of 0.90 ± 0.05 (± 0.22 SD for a cell-to-cell variability of 24 %) (Fig. S2b). 

At this agonist concentration, the FRET signal returned to baseline in ~ 20 s. Previous 

studies using FRET probes26 and bioluminescence resonance energy transfer signals27 

suggest this recovery time can be accounted for by the intrinsic properties of the GPCR 

signaling pathway. These data show that individual CNiFERs exhibit a reliable, robust 

response to pulsatile changes in agonist concentration.

To determine how CNiFERs respond to repeated agonist stimulation and to assess the 

temporal resolution of the new CNiFERs, we used two 2.5 s pulses of agonist that were 

separated by a variable amount of time (Fig. 2b). Both D2- and α1a-CNiFERs FRET 

responses could be distinguished with an inter-stimulus interval of only 5 s. We also 

investigated possible receptor desensitization using a 60 s long pulse delivered every four 

minutes for 40 minutes (Fig. 2c). The D2-CNiFER response decreased slightly between the 

first and the second pulse of agonist, but remained stable thereafter (n = 3) (Fig. 2c; left 
panel). The α1a-CNiFER showed a consistent FRET ratio across pulses (n = 3) (Fig. 2c; 

right panel). Taken together, these experiments demonstrate that both the D2- and α1a-

CNiFERs respond reliably with little attenuation in an environment of repeated 

neurotransmitter exposure.

In vivo characterization of D2- and α1a-CNiFERs

We first established that each CNiFER could detect endogenous release of neurotransmitters 

when injected into the rodent brain. The mesolimbic DA circuit involves two primary DA 

pathways; VTA DA neurons that project to ventral striatum (NAc) and mPFC, and SN DA 

neurons that project to dorsal striatum and broadly to cortical regions28. To confirm the 

presence of direct projections from both dopaminergic and noradrenergic nuclei to the 

frontal cortex, we injected a neuronal retrograde tracer, Fluorogold™, in the frontal cortex 

and searched for neurons co-labeled with Fluorogold™ and tyrosine hydroxylase, a 

biosynthetic enzyme for both DA and NE (Fig. S3a,b). Three-dimensional reconstructions 

revealed that the majority of dopaminergic projections to the frontal cortex originated from 

substantia nigra (SN) (95 ± 2 % of co-labeled neurons, n = 4) (Fig. S3c; left panel), 
confirming previous studies that have shown projections from the SN to the prefrontal and 

motor cortex in rat28 and monkey29,30. We observed relatively few neurons co-labeled for 
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Fluorogold™ and tyrosine hydroxylase in the mouse ventral tegmental area (5 ± 2 % of co-

labeled neurons), although such projections to frontal cortex have been reported31. Three-

dimensional reconstruction also revealed that the noradrenergic inputs originated from the 

locus coeruleus (LC) (Fig. S3c; right panel), corroborating previous studies with monkey32 

and rat33.

An advantage of implanting CNiFERs in the brain to monitor in vivo release of 

neurotransmitters is that repeated measurements can be made across multiple days of 

behavioral training and experimentation. We formed a polished and reinforced thinned-skull 

(PoRTS) window over the frontal cortex for transcranial imaging34 and stereotaxically 

injected CNiFERs into mouse frontal cortex at discrete sites located 200 to 300 μm below 

the cortical surface, i.e., layers 2/3 (Fig. 3a; left panels). To address the possibility that the 

surgical procedure or presence of human cells introduced damage or inflammation in the 

cortex, we prepared mice for histological assessment of inflammation 7 days after 

implantation of the CNiFERs. Immunostaining for glial fibrillary acidic protein (GFAP), a 

marker of inflammation, revealed a small increase in GFAP-positive cells in both injected 

and control mice, i.e., animals with a window but no implanted cells (Fig. 3a). This indicates 

that the presence of CNiFER cells did not induce significant damage although formation of 

the PoRTS window led to potential inflammation. Critically, no glial scars were found 

around the CNiFERs one week after the implantation. To examine activated microglia, we 

immunostained for MAC1 and did not observe any detectable staining. This latter result is 

consistent with the claims that a thinned skull preparation does not induce an apparent 

inflammatory response34. Taken together, these histological experiments suggest there is 

minimal damage caused by the injection of HEK293 cells into the cortex of mice.

We examined if the D2- and α1a-CNiFERs could detect an induced release of DA or NE, 

respectively, in the chronic preparation. We formed a PoRTS window over the frontal 

cortex, implanted electrodes into either the SN or LC for electrical stimulation, and 

stereotaxically injected CNiFERs. Each in vivo two-photon imaging plane contained 5 to 20 

CNiFERs. After a day of recovery from the surgery, a single burst of electrical stimulation 

in the SN led to an increase in the FRET ratio for the D2-CNiFER within 2 s of the 

stimulation. The amplitude of the FRET response varied with the amplitude of the 

stimulation, with 50 μA stimulation producing a ΔR/R = 0.04 ± 0.01 (mean ± SD, n = 4) and 

300 μA stimulation eliciting a ΔR/R = 0.21 ± 0.06 (Fig. 3b). We next measured the effect of 

cocaine on the D2-CNiFER response upon electrical stimulation of the SN. As expected for 

a DA reuptake inhibitor, 15 mg/kg (i.p.) cocaine enhanced the size of the D2 CNiFER FRET 

response following 100 μA stimulation. The ΔR/R in response to the stimulation increased 

from 0.09 ± 0.02 before the cocaine injection to 0.24 ± 0.02 after the cocaine injection (p < 

0.01, unpaired t-test, n = 3) (Fig. 3b; blue trace). The duration of the signal, measured from 

the onset of the response to the return to the baseline was also increase from 27 ± 4 s to 61 ± 

7 s after the cocaine injection.

Like the D2-CNiFER, the α1a-CNiFER response increased following electrical stimulation 

of the LC (Fig. 3c, n = 3), with a ΔR/R = 0.07 ± 0.02 for 50 μA stimulation and ΔR/R = 0.24 

± 0.06 for 200 μA stimulation. Thus, both D2- and α1a-CNiFERs appear to exhibit a 

dynamic range in vivo suitable to measure release of DA and NE in behaving mice. We 
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confirmed the receptor-specificity of each CNiFER in vivo with systemic injection of 

receptor-specific antagonists which blocked CNiFER responses to electrical stimulation 

(Fig. 3b,c; orange traces) (p <0.001, unpaired t-test, n = 3). In addition, control CNiFERs 

showed little response to electrical stimulation (Fig. 3b,c; purple traces) (p < 0.001, 

unpaired t-test, n = 3). The duration of the FRET response varied between 20 s with weak 

stimulation to more than a minute with strong stimulation (Fig. 3b,c; left panels), consistent 

with CNiFERs detecting volume transmission of neurotransmitters in the cortex.

We determined if D2- and α1a-CNiFERs maintain their sensitivity in vivo. CNiFERs were 

stereotaxically injected into mouse frontal cortex through a craniotomy and a micropipette 

was placed with a tip approximately 100 μm from the implant. We measured the in vivo 

response of a cluster of CNiFERs to a train of pulses of agonist delivered concurrent with a 

fluorescent indicator. The D2-CNiFER displayed an in vivo sensitivity to DA with an EC50 

= 29 ± 5 nM (mean ± SEM, n = 4) (Fig. 4d; left panel) The α1a-CNiFER exhibited an in 

vivo sensitivity to NE with an EC50 = 90 ± 21 nM (n = 4) (Fig. 4d; right panel). An increase 

in the apparent in vivo values for EC50 compared with the in vitro values was expected from 

the dilution of agonist as it diffused from the pipet to the site of the implant35. We found a 

dilution of 0.16 ± 0.03 (mean ± SEM, n = 14), which explains half of the apparent increase 

in EC50 for D2-CNiFERs and all of the increase for α1a-CNiFERs compared to the in vitro 

results (Fig. 1d). The former difference could result from in situ effects of the brain 

environment on the sensitivity of the D2 GPCR.

Simultaneous measurement of neuromodulators during behavioral conditioning

Previous studies have revealed that classically conditioned cue-reward pairings increase 

neuronal firing in midbrain neurons, with a temporal shift from the time of the reward, i.e., 

the unconditioned stimulus, to the time of the predictive cue, i.e., the conditioned stimulus. 

Similarly, neurons in the locus coeruleus transiently spike in response to task-relevant 

stimuli3,20, suggesting that NE levels may also increase in the cortex during conditioning. 

Using the new D2- and α1a-CNiFERs, we probed the timing of DA and NE release during 

learning using a basic Pavlovian conditioning paradigm in head-fixed mice.

We implemented a paradigm consisting of a 5 s tone, i.e., the conditioned stimulus (CS) 

followed by a drop of 10 % sucrose solution, i.e., the unconditioned stimulus (US), that was 

delivered 3 s after the end of the tone (Fig. 4a). Prior to training the mice, we injected them 

with D2-CNiFERs alone or with α1a-CNiFERs in discrete sites separated by ~ 300 μm, in 

layers 2/3 of frontal cortex (Fig. 4b). We then measured the FRET responses from the D2- 

and α1a-CNiFERs using two-photon microscopy and measured motor behavior with a 

lickometer while mice learned to associate the 5 s tone with delivery of the sucrose solution 

(Fig. 4c). Although the delivery of the reward was not dependent on the animal’s behavior, 

the dropper was positioned just beyond the animal’s mouth such that the animal was 

required to make a motor act, tongue protrusion and licking, in order to retrieve the drop of 

sucrose. We hypothesized that the release of DA in the frontal cortex would shift from the 

time of the reward to the time of the predictive cue (CS). In an additional cohort of mice, we 

implanted M1-CNiFERs15 or the D2-CNiFERs in two distinct areas. We predicted 
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engagement of the cholinergic (ACh) system in frontal cortex when animals made an 

explicit movement36, such as licking.

We detected an increase in the FRET ratio for both D2- and α1a-CNiFERs within a single 

trial of conditioning and with a high signal-to-noise ratio (single trace example in Fig. 4d). 

The D2- and α1a-CNiFERs responded on the majority of trials. Simultaneous measurements 

of the D2- and M1-CNiFER responses, and concomitant licking, were also observed on a 

single trial basis with a high signal-to-noise ratio during conditioning trials (single trace 

example in Fig. 4e). The transient increases in [DA] and [NE] were similar in duration, with 

a full-width at half maximum amplitude of 25 ± 1 s (mean ± SEM; 13 mice) and 28 ± 1 s (8 

mice) for [DA] and [NE], respectively. In contrast, [ACh] transients to a burst of licks 

persisted for a shorter interval, i.e., 15 ± 1 s (4 mice).

The onset time of licking across multiple days of training exhibited a monotonic shift from 

the time of the reward to that of the cue (single trace example in Fig. 4f). Quantitatively, we 

observed a statistically significant decrease in the time to lick, with a slope of −0.40 ± 0.14 s 

per day (p = 0.05; 13 mice) (Figs. 5a and S4a). These data confirmed that mice learned to 

associate the CS with the US. Are there changes in volume transmission of DA and NE that 

track the change in licking behavior? We observed a statistically significant decrease in the 

mean onset time of the FRET ratio with the D2-CNiFER. Collectively, the D2-CNIFER 

FRET onset shifted from 10.3 ± 0.6 s (mean ± SEM; 13 mice) during the first day of training 

to 5 ± 0.3 s during the last day of training with a slope of −1.1 ± 0.14 s per day (p = 0.02; 13 

mice) (Figs. 5b and S4b). Thus the release of DA shifted monotonically from the time of the 

reward toward the time of the cue, similar to licking. In contrast with the D2-CNiFER 

response, the onset of the α1a-CNIFER FRET response did not show an appreciable change 

across conditioning days with a average delay of 10.8 ± 1.4 s during the first day of training 

and 9.7±1.1s during the last day of training (p = 0.6; 7 mice) (Figs. 5c and S4c). Notably, the 

timing of NE release was highly variable both within a set of trials for a given animal as 

well as across animals over conditioning days.

The release of ACh, unlike that of DA, remained closely linked to the time of presentation 

of the reward, as measured by the onset time of M1 CNiFER FRET responses across 

conditioning trials. The M1-CNiFER FRET onset shifted from 9.0 ± 0.6 s (mean ± SEM; 4 

mice) during the first day of training to 8.4 ± 0.3 s during the last day of training with a 

slope of 0.2 ± 0.05 s per day (p = 0.04) (Figs. 5d and S4d). The onset always occurred after 

the presentation of the reward at 8.0 s. In the absence of any reward, we observed a transient 

release of ACh when animals engaged in bouts of high frequency licking, similar to reward 

retrieval (15 events across 4 mice) (Fig. S4e). These findings suggest that ACh release may 

be involved in the motor behavior of licking following presentation of the reward (US). 

Interestingly, ACh release could not be detected by the M1-CNIiFERs during anticipatory 

licking, in contrast to DA release.

The extent of DA release correlates with anticipatory licking

Real-time measurements of neurotransmitter release revealed that the release of DA 

correlates with learning the association of CS with US while the release of NE appeared 

uncorrelated and that of ACh tracked the motor behavior associated with the US. We next 

Muller et al. Page 8

Nat Methods. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



examined the shift in timing of DA release on a trial-by-trial basis for each mouse. Mice that 

exhibited a small change in the timing of DA release did not show significant anticipatory 

licking (Fig. 5e; top). By contrast, mice that demonstrated a strong shift in DA release also 

demonstrated a significant change in anticipatory licking (Fig. 5e; bottom). For all 13 mice, 

we compared the rate of change in DA release with the rate of change in anticipatory licking 

across all trials. We found that the rate of change in the release of DA strongly and 

significantly correlated with the rate of change in anticipatory licking (slope = 0.4 ± 0.1, 

SEM, p = 0.003) (Fig. 5f). There was no significant correlation between the highly variable 

release of NE (Fig. 5c) and the animal’s licking behavior (p = 0.10). We conclude that DA 

release tracks the extent of learning as defined by changes in the licking behavior.

DISCUSSION

Here we report the creation of a new family of cell-based CNiFERs for rapid, optical 

detection of monoamine neurotransmitters released in vivo. Previously, CNiFERs were 

limited to GPCRs that coupled to Gq G-proteins15. Redirecting the Gi/o-coupled D2 receptor 

to the PLC/IP3 pathway using a chimeric G-protein (Gqi5) was essential for developing the 

D2-CNiFER. It should now be possible to create CNiFERs for other Gi-coupled receptors, 

such as those for somatostatin, serotonin and opioids. The D2- and α1a-CNiFERs exhibit 

nanomolar sensitivity similar to their endogenous counterparts in neurons, have a temporal 

resolution of seconds, and exhibit a dynamic range suitable to discriminate between DA and 

NE in vivo (Fig. 2). The development of these CNiFERs offers significant advantages over 

current methods for detecting neurotransmitter release in vivo. While voltammetry 

techniques can measure DA and NE with fast temporal resolution and sensitivity and 

minimal damage to the cortex, they discriminate poorly between DA and NE as a result of 

their similar redox profiles13. Microdialysis can accurately distingiush DA and NE but lacks 

temporal resoution and requires physical implantation of a cannula, which itself can produce 

damage to the brain and disrupt monoaminergic activity near the probe track12. The D2- and 

α1a-CNiFERs can provide real-time optical measurements of both DA and NE release in 

vivo with relatively little impact on the brain.

The method described here to detect changes in the FRET ratio from multiple CNiFERs is 

ideal for imaging experiments with head-fixed mice. Implanting CNiFERs into subcortical 

structures and using a fiber37,38 or GRIN lens/endoscope39,40 to measure changes in FRET 

could be used to study neuromodulation in freely moving animals with implanted CNiFERs. 

Creating CNiFERs with different sensitivities could provide new information about the 

status of signaling through various second messenger pathways. For example, a DA-

sensitive CNiFER for detecting higher concentrations of DA could be developed with the 

D1 dopamine receptor, which signals via the Gs pathway41. The methodology developed 

here to detect DA and NE could also be expanded to any neurotransmitter that signals 

through a GPCR and thus provides an important and versatile tool for neuroscientists that 

study circuit dynamics and brain states. While the CNiFERs may well be supplanted by the 

development of molecular indicators that are expressed on the surface of neurons or glia, 

such technologies are currently only available for the detection of glutamate42,43 and are 

100-fold less sensitive than CNiFERs (Fig. 1d). Moreover, these molecular detectors may 

also alter the physiology of the neuron or glia cell.
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The ability of the D2-CNiFER and α1a-CNiFER to chemically discriminate NE from DA 

while retaining fast temporal resolution provides a unique opportunity to analyze the 

dynamics of neurotransmitter release on a trial-by-trial basis during learning (Fig. 4). The 

observed release of DA (Figs. 4 and 5) is consistent with previous studies that demonstrate 

that firing rates of DA neurons in basal ganglia increase in response to rewarding stimuli in 

both monkeys44,45 and rodents46,47. The monotonic shift in DA release over five days of 

pairing the CS with the US (Fig. 5b) is consistent with the temporal difference model 

proposed by Schultz and colleagues19,48, in which DA neurons respond to reward-predicting 

cues. Interestingly, the gradual shift in DA release contrasts with a previous study of 

midbrain DA neurons in which these neurons increased their firing rate either just after the 

reward or just after the cue49. Similarly, studies using FSCV demonstrated a shift in DA 

release from the US to CS in the NAc of rats24,25. One possible difference was that the 5 s 

period of the CS used in our study might have facilitated the observation of a more gradual 

shift of the response to the start of the cue. Alternatively, DA neurons that project to the 

cortex may have been underrepresented in our measurements, or the firing of DA neurons in 

the midbrain may not correlate with release of DA in the cortex, though these scenarios 

seem unlikely. Optogenetic control of DA neuronal activity showed that phasic firing 

enhances DA release in the striatum2,50, though DA levels were not measured in the cortex.

While DA release appeared tightly correlated with the CS after training, NE release occurred 

during the trial but was highly variable between and within mice, exhibiting a very weak 

correlation with the CS or US as measured by the α1a-CNiFER (Fig. 5c). Other groups have 

shown that like DA neurons, LC neurons fire in tonic and burst modes, with LC phasic 

firing typically occurring following task cues (CS) but preceding lever responses (US)3,4,20. 

Acetylcholine release, on the other hand, correlated with the US and licking, but not with the 

CS. Thus, ACh and NE are both released during training trials but appear to respond to 

different cues. In conclusion, with the development of these new D2- and α1a-CNiFERs, 

along with the M1-CNiFER15, it will be now possible to study the spatial and temporal 

resolution of multiple neurotransmitters released in more complex behavioral tasks.

ONLINE METHODS

Stably expressing cell lines

To create CNiFERs, a FRET-based Ca2+-detector, TN-XXL, was first stably expressed in 

HEK293 cells transduced with replication deficient lentivirus as described previously51. In 

brief, cDNA for TN-XXL, GPCRs, and Gqi5 as needed was subcloned into the HIV-based 

cloning plasmid pCDH1-MCS1-EF1-Puro (System Biosciences) and lentiviral particles 

were produced by the UCSD Vector Development Laboratory (Atsushi Miyanohara, UCSD) 

or Salk GT3 core. Clonal separation and selection were based on fluorescence intensity 

using flow cytometry (FACSaria, BD Biosciences), and response to internal calcium 

concentration increase in the presence of 3 μM ionomycin (Sigma).

For constructing specific receptor expressing clones, we used the human D2 receptor 

(NM_000795; UMR cDNA resource center) and the human α1a (AY389505, UMR cDNA 

resource center). After selection of a single clone, “TN-XXL only CNiFERs (3g8)” were 

transduced with lentivirus expressing the α1a adrenergic receptor. For the D2 receptor 
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CNiFER, ‘TN-XXL only CNiFERs’ were first transduced with lentivirus expressing the 

chimeric Gqi5 protein, to enable coupling of the Gi-linked D2 receptor with the Gq-Ca2+ 

signaling pathway16. We identified the best qi5-expressing clone by transiently expressing 

the D2 receptor, and selecting a qi5 clone that gave the appropriate agonist response with the 

smallest background response. The qi5 clone was then transduced with a lentivirus that 

expressed the D2 receptor. Clonal separation and selection was based on fluorescence 

intensity using flow cytometry. Single α1a-CNiFER (α1a.6) and D2-CNiFER (D2.2) clones 

were ultimately selected based on their dose response curves to both dopamine and 

norepinephrine (Sigma). All CNiFER cells were maintained at 37°C with 5 % (v/v) CO2. 

Upon confluence, cells were trypsinized, triturated, and seeded into new flasks using 

Dulbecco’s Modification of Eagle’s Medium (Cellgro®; Mediatech) with 10 % (v/v) of 

Fetalplex™ serum (Gemini Bio-Products), 100 U/ml of penicillin and 100 μg/ml of 

streptavidin (Gibco). Control-CNiFERs with only the TN-XXL calcium indicator (3g8) or 

with TN-XXL calcium indicator and the chimeric Gqi5 protein (qi5.6) were maintained in 

the same conditions.

In vitro high-throughput testing

D2- and α1a-CNiFER FRET responses to different neurotransmitters were measured in vitro 

using a high-throughput fluorometric plate reader (FlexStation3, Molecular Devices). The 

day before experiments, CNiFERs were plated on fibronectin-coated 96-wells plates. Thirty 

minutes before experiments, media in each well was replaced with 100 μl artificial cerebral 

spinal fluid (ACSF; 125 mM NaCl, 5 mM KCl, 10 mM D-glucose, 10 mM HEPES, 3.1 mM 

CaCl2, 1.3 mM MgCl2, pH 7.4) and plates were loaded into the FlexStation3. Experiments 

were conducted at 37°C using 436 nm excitation light. Light was collected at 485 ± 10 nm 

for CFP (eCFP) and 527 ± 12 nm for YFP (Citrine) every 3.8 s. After 30 s of baseline, 50 μl 

of drug diluted in ACSF was delivered to each well. Background measurements taken from 

wells without cells were subtracted, fluorescence intensities were normalized to pre-stimulus 

baselines, and peak responses were measured from the ratio of the 527 nm and 485 nm 

channels.

In vitro characterization

D2- and α1a-CNiFERs were trypsinized and plated on fibronectin-coated coverslips. The 

following day, CNiFERs were placed in a cell culture chamber (RC26; Warner Instruments) 

and perfused with gravity-fed ACSF. Chamber fluid temperature was kept at 35°C by a 

temperature controller (TC-324B; Warner Instruments). To test the receptor specificity of 

the D2-CNiFER, FRET responses were measured during two 60 s presentations of 20 nM 

dopamine. The second presentation was preceded by 60 s of either 100 nM D1-receptor 

antagonist, SCH23390 (Tocris), or 50 nM D2-receptor antagonist, eticlopride (Tocris). 

Percent response remaining was calculated by subtracting the peak FRET response during 

the second DA presentation (in the presence of antagonist) from the first (in the absence of 

antagonist). α1a-CNiFER receptor specificity was similarly tested using two 60 s 

presentations of 50nM norepinephrine with the second presentation being preceded by 180 s 

of either 5 μM β-adrenergic receptor antagonist, sotatol (Tocris), or 50 μM α1a-acceptor 

antagonist, WB4101 (Tocris). For repeat pulse experiments, D2- and α1a-CNiFERs were 

given 10 presentations of either 60 s 50 nM dopamine or 500 nM norepinephrine, 

Muller et al. Page 11

Nat Methods. Author manuscript; available in PMC 2015 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively, followed by 180 s of ACSF alone. For temporal discrimination experiments, 

cells were imaged with a two-photon microscope (see next section), and rapid drug 

presentation was achieved with a fast perfusion stepper (SF-77B; Warner Instruments). The 

agonist was mixed with Alexa-594 in the drug pipette to determine perfusion time. The 

Alexa 594 signal was imaged simultaneously with the CNiFER FRET response on a third 

channel.

TPLSM imaging

CNiFER cells were imaged with a custom-built two-photon laser-scanning microscope. 

Control of scanning and data acquisition was achieved through the MPScope software 

suite52. Excitation light at 820 nm was used to excite the CFP portion of TN-XXL. 

Fluorescence was collected by either a 25X water objective (HCX-IRAPO, Leica) for in 

vivo experiments or a 10X air objective (PLAN-NEOFLUAR, Zeiss) for in vitro 

experiments. The fluorescent signal was split into two or three channels: 470 ± 20 nm for 

measurement of emission by CFP, 535 ± 20 nm for emission by YFP (Citrine), and 620 ± 20 

nm for emission by Alexa 594

Animal preparation

Adult, female C57BL/6 mice, age P60 to P90, were maintained in standard cages on a 

natural light-dark cycle. The Institutional Animal Care and Use Committee at the University 

of California San Diego approved all protocols. For surgery, mice were anesthetized with 

isoflurane (Butler Schein). Body temperature was monitored and maintained at 37°C. 

Subcutaneous injections of 5 % (w/v) glucose in saline were given every 2 h for rehydration. 

Buprenorphine (0.02 mg/kg, Butler Schein) was administered i.p. for post-operative 

analgesia.

Retrograde labeling

After anesthesia, mice were placed in a stereotaxic frame. A small craniotomy was 

performed where CNiFERs were typically injected (+1.5 mm A/P, +1.5 mm M/L). Using a 

10 μm inner-diameter glass pipette connected to a Nanoinjector II (Drummond), 200 nl of 

Fluorogold™ (Fluorochrome), prepared as 1 % (w/v) in 0.1 M cacodylate buffer, was 

injected (20 nl every minute) in the cortex 200 μm from the surface. After 7 d, the mice were 

transcardially perfused. Histological sections were scanned at 1 μm spatial resolution using a 

Nanozoomer (Hamamatsu) digital slide scanner. Using Neurolucida software 

(Microbrightfield™), outlines of midbrain, brainstem, and cerebellum were drawn and 

sections were aligned based on anatomical borders to yield three-dimensional 

reconstructions. Outlines of subsantia nigra, ventral tegmental area and locus coeruleus were 

defined by tyrosine hydroxylase labeled neurons. Cells double-labeled for tyrosine 

hydroxylase and Fluorogold™ were marked and counted. Co-labeling was confirmed by 

confocal microscopy.

Histology

Mice were perfused with phosphate buffered saline (PBS), immediately followed by 4 % 

(w/v) paraformaldehyde (PFA) in PBS. Brains were post-fixed overnight at 4°C followed by 
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immersion in 30 % (w/v) sucrose. Brain sections, 30 or 50–μm thick, were cut using a 

sliding microtome. Primary antibodies (mouse anti-tyrosine hydroxylase, 1:1000, Millipore; 

rabbit anti-Fluorogold™, 1:5000, Millipore; mouse anti-GFAP, 1:1000, Millipore; rat anti-

MAC1, 1:500, Millipore) were diluted in a buffer that consisted of 10 % (v/v) goat serum 

(Vector Labs) and 0.1 % (v/v) Triton X-100. Free-floating sections were then incubated 

overnight under slow rotation at 20°C in primary antibody solution, washed 3-times with 

PBS and incubated with secondary antibody (Alexa 488 anti-mouse, Alexa 594 anti-mouse, 

Alexa 594 anti-rat, and Alexa 594 anti-rabbit, 1:2000, Molecular Probes) for 2 h. Sections 

were then washed and incubated 15 minutes in NeuroTrace® Blue (Life Technologies), a 

Nissl stain for visualizing neuron. Sections were washed again and mounted with 

Fluoromount™-G (Southern Biotechnology Associates).

CNiFER implantation

CNiFERs were harvested without trypsin from 80 % confluent culture flasks, centrifuged, 

and re-suspended in ACSF for injection. For the in vivo dose response experiment, a open 

craniotomy was used. For all other in vivo experiments, a ‘thinned skull’ craniotomy34 was 

used. CNiFER cells were loaded into a 40 μm inner-diameter glass pipette connected to a 

Nanoinjector II (Drummond) and injected into neocortex through the thinned skull ~200 μm 

from the cortical surface. CNiFERs were injected into adjacent sites within the following 

stereotaxic coordinates: +1 to +2 mm A/P; +1 to +2 mm M/L. After implantation in several 

adjacent sites (typically two injection sites per CNiFER variant), the craniotomy was sealed 

with a glass coverslip. A custom-built head-bar was attached to the skull with C&B-

METABOND (Parkell, Inc.), and the preparation surrounding the imaging window was 

covered with dental cement (Dentsply). Mice were immunosuppressed by daily cyclosporine 

injection (20 μl/100 g, i.p., Belford Laboratories).

Electrical stimulation and in vivo pharmacology

Mice were prepared and injected with CNiFERs as described. Additionally, a 0.1 MΩ 

tungsten bipolar stimulating electrodes with a tip separation of 500 μm (Microprobes Inc.) 

was implanted into either substantia nigra (−3.2 mm A/P, −1.3 mm M/L, −4.4 mm D/V) or 

locus coeruleus (−5.3 mm A/P, −0.9 mm M/L, −3.4 mm D/V). After a day of recovery, 

imaging was performed under isoflurane anesthesia. Experimental runs consisted of 30s 

baseline followed by electrical stimulation (200 μs pulses of 50 – 300 μA at 50 Hz for 500 

ms). To test the specificity of the response, eticlopride (1mg/kg, Sigma), WB4101 (2 mg/kg, 

Tocris), or cocaine (15mg/kg; Sigma) were injected i.p. 10 minutes before the electrical 

stimulation.

In vivo dose response

After CNiFER implantation, the craniotomy was kept open and a glass pipette connected to 

a Nanoinjector II (Drummond) was positioned, using a Sutter manipulator, 100 μm away 

from the CNiFER implants. Imaging was performed under urethane anesthesia (1.5g/Kg, 

IP). The agonist, i.e., NE or DA, was mixed with Alexa 594 to verify the arrival of the 

agonist as well as the calculate dilution of the agonist between the pipet and the implant. A 

long train of pulses of agonist (2.3 nl pressure injections as 2 s pulses every 5 s until a steady 
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state response was observed, typically after 30 s) was then applied next to the CNiFER 

implants. Control pulses of Alexa 594 in saline did not cause any FRET change. The 

dilution was calculated by measuring the average fluorescence of the Alexa 594 in the 

interstitial space of the implant and comparing it to the average fluorescence of the dye in 

the void immediately downstream from the pipette.

In vivo awake imaging and behavior

After one day of recovery from surgery, mice were water deprived (23 h/day). Conditioning 

started the following day. Animals were placed in a stationary head-frame and imaged while 

being presented with a 5 s tone (CS), followed by a 3 s delay and a drop of 10 % (w/v) 

sucrose-water (US), with an average inter-trial interval of three minutes. Two CNiFER 

variants, i.e., α1a- and D2-CNiFERs or M1- and D2-CNiFERs, were imaged 

simultaneously. Licking behavior was recorded using a custom-built, conductance-based 

sensor. Mice were imaged for 10 to 15 trials and then returned to their home cage. Animals 

were imaged once a day for 5 consecutive days.

Data analysis

All the TPLSM data analysis was done using Matlab (MathWorks). TN-XXL fluorescence 

intensities were background-subtracted and normalized to pre-stimulus baselines. Regions of 

interest were drawn around either the D2- or the α1a-CNiFER implants. Responses were 

quantified as the fractional change in the FRET ratio ΔR/R, where ΔR is the change in the 

ratio of fluorescence intensities of the two channels, denoted F530 nm and F475 nm, 

respectively, and R is the normalized baseline ratio, such that:

Responses were measured at the peak of ΔR/R after low-pass filtering. For in vitro high-

throughput testing, the peak responses were determined using Matlab, and the EC50 and Hill 

coefficient were calculated using Prism software (GraphPad). For behavioral experiments, 

the onset of the FRET signal was analyzed using Matlab. The onset of the FRET signal was 

defined as the point at which the ratio ΔR/R increased by 2.5-times the root-mean-square 

level of the baseline noise, typically ΔR/R ~ 0.03. Each onset time was scored manually by 

two experimenters that were blind to the time of the CS and the US. Only trials in which 

animals responded after CS presentation and within 30 s of US presentation were used for 

analysis. Statistical analyses were calculated using Prism software (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of D2- and α1a-CNiFERs and their in vitro characterization using a high-
throughput plate reader
(a) Schematic of CNiFER signaling pathway. Dopamine (DA) stimulation of D2 GPCR 

leads to activation of Gqi5 chimeric proteins. Norepinephrine (NE) stimulation of α1a GPCR 

leads to activation of Gq G-proteins. Activated Gq stimulates phospholipase C (PLC), 

producing signaling intermediate inositol triphosphate (IP3) which stimulates release of 

Ca2+, detected by the FRET based TN-XXL calcium sensor. (b) Depiction of DA activating 

D2 receptor (left, black) and NE activating α1a receptor (right, green) to induce IP3-

mediated Ca2+ cytoplasmic influx detected by TN-XXL. Fluorescence from laser-excited 

enhanced cyan fluorescent proteins and citrine fluorescent proteins flanking TN-XXL is 
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collected for the FRET signal. (c) FRET response of D2-CNiFER to continuous application 

of 100 nM DA (left) and α1a-CNiFER to continuous application of 100 nM NE (right). 

Example of transmitter-induced concurrent, opposing responses in citrine (530 nm) and cyan 

(475 nm) fluorescence (top) represented as a FRET ratio (bottom). (d) Left, Dose response 

curves for D2-CNiFER and control CNiFERs with only calcium indicator and chimeric Gqi5 

protein (dashed line) in response to DA (black) or NE (green) (n = 3). Right, Dose response 

curves for α1a-CNiFER and control CNiFERs with only calcium indicator (dashed line) in 

response to DA (black) or NE (green)(n=3). Error bars represent standard deviation. (e) 
Summary of D2-CNiFER (left) and α1a-CNiFER (right) FRET responses to a panel of 

neurotransmitters at 50 nM and 1 μM. VIP, vasoactive intestinal peptide; GABA, gamma-

aminobutyric acid. Error bars represent standard deviation (n = 3).
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Figure 2. In vitro characterization of CNiFERs to a pulse or pulses of agonist
(a) Single-trial FRET response of a cluster of approximately fifty D2-CNiFERs to 2.5 s 

pulse of 100 nM DA (left) and a cluster of approximately fifty α1a-CNiFERs to a 2.5 s pulse 

of 100nM NE (right). Top traces, examples of transmitter-induced FRET responses for D2 

CNiFER (left) and α1a CNiFER (right); note opposing responses in citrine (530 nm) and 

cyan (475 nm) fluorescence. Middle traces show calculated FRET ratio (ΔR/R). Bottom 

traces show Alex-594 fluorescence to monitor time course of agonist pulse. (b) Left, 

temporal discrimination of D2-CNiFER FRET responses to delivery of two 2.5 s pulses of 

100 nM DA with variable interstimulus intervals (n = 3). Right, discrimination of α1a-

CNiFER responses to two pulses of 100 nM NE (n = 3). Shaded grey areas represent 

standard error. (c) D2-CNiFER (left) and α1a-CNiFER (right) FRET responses to repeated 

60 s pulses of 50 nM DA (black dashes, n = 3) or 500 nM NE (green dashes, n = 3.) 

followed by 180 s of ACSF. Shaded areas are standard error.
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Figure 3. In vivo characterization of D2- and α1a-CNiFERs
(a) Immunostaining for GFAP (magenta, top panel), MAC1 (magenta, lower panel) and 

NeuroTrace® (blue), in coronal sections. Left, mouse perfused 7 d after the injection of 

CNiFERs (green) in the frontal cortex. Right, control mouse with a similar optical window 

but no CNiFER injection. (b) D2-CNiFER FRET responses (evoked in frontal cortex by 

increasing amplitude of SN electrical stimulation before (black and grey, n = 4) and after i.p. 

injection of D2-receptor antagonist eticlopride (1mg/kg, orange, n = 3) or the DA reuptake 

inhibitor cocaine (15 mg/kg, blue, n = 3). Purple, response of control CNiFER to high 

amplitude stimulation. Left, example of raw traces used to calculate average peak responses 

(right) for each stimulation intensity. (c) α1a-CNiFER FRET response (green, n = 3) evoked 

by LC stimulation before (green) and after i.p. injection of α1a-receptor antagonist WB4101 

(2mg/kg, orange, n = 3). Purple, response of control CNiFER to high amplitude stimulation. 

Example traces (left) and average peak responses (right). Error bars represent standard 

deviation. (d) Left, in vivo dose response curve for D2-CNiFER (black, n = 4). Right, in vivo 

dose response curve for α1a-CNiFER (green, n = 4). Error bars represent standard deviation.
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Figure 4. Simultaneous detection of DA, NE, and ACh release during behavioral conditioning
(a) Schematic of CNiFER FRET response and onset time measurement during a single 

conditioning trial. Conditioning trials consisted of a 5 s tone (conditioning stimulus, CS, 

grey) followed by a 3 s delay and delivery of a drop of 10 % (w/v) sucrose water 

(unconditioned stimulus, US, red). (b) Brightfield image of the surface vasculature 

superimposed with fluorescent picture of the CNiFERs. D2-CNiFERs and α1a-CNiFERs 

implanted next to each other into frontal cortex. The red box shows the field of view that 

was used to image both CNiFERs simultaneously. (c) Procedure to measure licking behavior 

and CNIFER fluorescence in head-restrained mice during classical conditioning. (d) 
Simultaneous measurement of D2- (black) and α1a-CNiFER (green) FRET responses and 

licking (purple) during a single conditioning trial. (e) Simultaneous measurement of D2- 

(black) and M1-CNiFER (blue) FRET responses and licking (magenta) during a single 

conditioning trial. (f) Single trace examples of the D2-CNiFER response in the same animal 

at day 1, 3 and 5 of training.
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Figure 5. Shift in DA but not NE release with behavioral conditioning
(a–d). Population averages of response onset times per day of conditioning. Error bars 

represent standard error. (a) Licking onset times during conditioning trials (CS, grey bar; 

US, dashed red line) across five days of conditioning (n = 13). (b) D2-CNiFER FRET 

response onset times during conditioning. FRET onset times are measured relative to CS 

onset (n = 13) (c) α1a-CNIFER onset times during conditioning (n = 7). (d) M1-CNiFER 

onset times during conditioning. (e) Onset time of D2-CNiFER FRET response (black) and 

licking (magenta) across conditioning trials for two mice A and B. Solid lines, best fit linear 

regressions of CNiFER responses and licking. Grey area, time of CS presentation; dashed 

red line, time of US presentation. (f) Correlation between rate of change in DA onset and 

rate of change in licking onset across conditioning trials. Each point represents the rate 

relationship for one animal with standard deviation (grey error bars). Orange line, linear 

regression with 95 % confidence intervals (orange shaded area, n = 13).
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