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Abstract

Neuropeptides are abundant signaling molecules in the central nervous system. Yet remarkably 

little is known about their spatiotemporal spread and biological activity. Here, we developed 

an integrated optical approach using Plasmonic nAnovesicles and cell-based neurotransmitter 

fluorescent engineered reporter (CNiFER), or PACE, to probe neuropeptide signaling in the mouse 

neocortex. Small volumes (fL to pL) of exogenously supplied somatostatin-14 (SST) can be 

rapidly released under near-infrared light stimulation from nanovesicles implanted in the brain 

and detected by SST2 CNiFERs with nM sensitivity. Our measurements reveal reduced but 

synchronized SST transmission within 130 μm, and markedly smaller and delayed transmission at 

longer distances. These measurements enabled a quantitative estimation of the SST loss rate due to 

peptide degradation and binding. PACE offers a new tool for determining the spatiotemporal scales 

of neuropeptide volume transmission and signaling in the brain.
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We developed an integrated optical approach by combining plasmonic nanovesicles (Au-nV-

SST) and cell-based neurotransmitter fluorescent engineered reporter (CNiFER) for neuropeptide 

release and detection. This approach allows spatiotemporal mapping of neuropeptide volume 

transmission and signaling in the mouse cortex.
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Introduction

Neuropeptides comprise a diverse class of signaling molecules that regulate brain states, 

modify neural activity, and control vascular tone.[1] Neuropeptides are synthesized through 

RNA translation, processed proteolytically, and then released from dense-core vesicles in 

peptide-expressing neurons.[2] In contrast to classical, fast synaptic transmission (nanometer 

distance), neuropeptides diffuse from their release sites and signal through G-protein 

coupled receptors (GPCRs) at relatively long distances (μm to mm). This diffusion-driven 

distribution is referred to as volume transmission, an extrasynaptic dispersion of the 

transmitter in the extracellular space.[3] One major obstacle to determining where and when 

a neuropeptide acts relative to its release site is the lack of tools to release peptides with high 

temporal resolution and detect nM levels of neuropeptide in vivo. Several factors affect the 

rate and extent of peptide signaling. First, neuropeptides activate GPCRs at low nanomolar 

(nM) concentrations, up to 1000-fold lower than the affinity for ionotropic receptors (e.g., 

μM for GABA or glutamate), making it difficult to detect neuropeptide release.[3] Second, 

peptide diffusion is impacted by the extracellular matrix, peptidases, and the geometry of 

Xiong et al. Page 3

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the extracellular space in the brain. Several studies have accurately measured the diffusion 

properties in vivo but have relied on physiologically inert tracers.[4] These factors have 

made it challenging to measure neuropeptide volume transmission and signaling in vivo 
quantitatively.

To address this challenge, we developed a new integrated optical approach (PACE) by 

a synergistic combination of Plasmonic nAnovesicles with cell-based neurotransmitter 

fluorescent engineered reporter (CNiFER). PACE mimics and probes the neuropeptide 

transmission and signaling in vivo. The plasmonic nanovesicles consist of a phospholipid 

liposome core with a gold coating. They can be implanted in the mouse cortex and remotely 

stimulated by near-infrared laser pulses to release a small volume (fL to pL) of exogenously 

introduced and biologically active neuropeptides within several seconds. CNiFERs provide 

a functional readout on physiologically relevant concentrations of neurotransmitters.[5] Here, 

we engineered a new CNiFER to detect nM somatostatin (SST), a 14-amino acid cyclic 

peptide expressed in many GABA neurons throughout the brain. Under intravital two-photon 

imaging, we determined the time delay and maximal distance for photoreleased SST signal 

transmission in the mouse cortex. This measurement reveals reduced but synchronized 

transmission within 130 μm, with a smaller delayed transmission at larger distances. 

Our study provides the first quantitative estimation of the overall SST loss rate due to 

the degradation and binding in vivo. The results suggest that neuropeptide binding and 

degradation limit its extrasynaptic transmission at large distances (>100 μm). We further 

demonstrate that the neuropeptide transmission and GPCR signaling is significantly faster 

in mouse neocortex with a degraded extracellular matrix. Our method provides a robust and 

quantitative way to measure neuropeptide volume transmission and functional signaling in 

the brain that is beyond current state-of-the-art.

Results and Discussion

Somatostatin-14 (SST) is an endogenous cyclic 14-amino acid peptide widely expressed 

in GABAergic cortical neurons,[6] but little is known about the extent of extrasynaptic 

transmission in the brain.[1b] Prior studies focused on measuring the diffusion properties 

with physiologically inert tracers[4] and did not consider whether the peptide retained its 

biological activity. Here, we developed tools for releasing and measuring the SST signaling 

in vivo through exogenously introduced and biologically active SST. First, we encapsulated 

SST in nanovesicles containing 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC) and 

cholesterol (4:3 molar ratio). We then examined the photorelease with femtosecond 

laser excitation (Figure 1A). Most SST-loaded nanovesicles (nV-SST) have unilamellar 

morphology (Figure S1). Gold-coating endows nanovesicles with strong absorption in the 

near-infrared range (700–900 nm) due to the plasmonic coupling between the small gold 

nanoparticles[7] and also increases the hydrodynamic diameter to ~200 nm (Figure 1B, 

Figure S1). To confirm this, we used transmission electron microscopy (TEM, Figure 

1C and Figure S1) and observed clusters of small gold nanoparticles on the nanovesicle 

surface and close to each other. The near-infrared absorption of gold-coated nanovesicles 

decreased upon 720 nm femtosecond laser pulse irradiation. This decrease could be due 

to the fragmentation or ablation of gold nanoparticles,[8] confirmed by the TEM images 

(Figure S1). The SST content in gold-coated nanovesicles remained stable (~75%) after 
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24 hours of incubation with a peptidase, α-chymotrypsin, compared to the half-life of 

degradation for free SST of ~16 min (Figure S2). Gold-coated nVs containing SST (Au-nV-

SST) showed good colloidal stability in artificial cerebrospinal fluid (ACSF) and 10% fetal 

bovine serum at 37°C for 4 h and under storage conditions in 0.01 M phosphate-buffered 

saline (PBS) at 4°C over two weeks (Figure S3). To characterize the SST release efficiency, 

Au-nV-SST flowing in a capillary tube were stimulated by femtosecond laser pulses. 

To focus the stimulation laser on a specific subregion, we used a multi-photon imaging 

system with two lasers tuned to different wavelengths, referred to as imaging laser and 

a stimulation laser with tornado scans, respectively (Figure S4). Each tornado scan (200 

μm, 35 ms) has a dwell time of 10 μs on a pixel, leading to 2.8 × 106 pulses per scan 

(80 MHz laser repetition rate). The released SST concentration was measured using an 

ELISA kit for SST. Figure 1D shows that the photorelease efficiency increases with laser 

power and scan duration. To analyze the photorelease kinetics in real-time, we loaded 

gold-coated nanovesicles containing calcein dye (Au-nV-Cal) into 1 nL microwells (Figure 

S5). We packaged calcein at a self-quenching concentration (75 mM), which increases in 

fluorescence upon release and dequenching. Calcein fluorescence increased significantly 

under the laser pulses at 700–820 nm (100 mW, 0.65 s) while showing no change with 

imaging laser pulses at 840–1000 nm, even at prolonged durations (15 mW, 8 min) (Figure 

1E, Figure S5). Importantly, the imaging laser at lower power and longer wavelength did 

not photorelease encapsulated compounds, which is ideal for long-term imaging. Real-time 

fluorescent imaging showed that the average calcein fluorescence in a microwell (diameter: 

60 μm) reached a maximal value at 0.15 s after a 65 ms tornado scan (Figure 1F, Figure S5). 

Thus, the photorelease from Au-nV-Cal has a fast temporal resolution, completing within 

0.15 s in the 60-μm-diameter tornado-scanned area. Although SST is slightly larger than 

fluorescent calcein, we anticipate that SST release follows a similar profile and can be 

controlled by stimulation power and duration.

To measure the release of SST in vivo, we engineered a new neuropeptide CNiFER that 

expresses the type 2 SST GPCR (SST2) along with a chimeric Gqi5 G protein and a high 

signal-to-noise FRET-based calcium sensor, Twitch 2B (Figure 1G).[5b, 9] We first conducted 

a series of in vitro experiments to determine the sensitivity and specificity of the SST2 

CNiFERs. Application of SST to SST2 CNiFERs induces a FRET response, whereby the 

mCerulean3 (referred to as ‘CFP’) emission decreases and cpVenusCD (referred to as ‘YFP’) 

emission increases with receptor activation (Figure 1H). We converted the CFP and YFP 

emissions to a FRET response, calculated as ΔR/R.[9] The SST2 CNiFER (clone #5F3) 

exhibited high affinity binding for SST (EC50 = ~4 nM) and a large ΔR/R (~2), while the 

control CNiFER (clone #128C3) without the SST2 receptor showed little or no response 

with up to 1 μM SST (Figure 1I). To confirm the involvement of the SST2 receptor, 

we applied a selective SST2 receptor antagonist (CYN 154806) and observed complete 

inhibition of the SST-dependent CNiFER activation (Figure 1J). To assess whether SST2 

CNiFERs can respond to the repetitive release of SST, we measured the FRET response of 

SST2 CNiFERs to six 30 s pulses of SST. The amplitude of the FRET response (ΔR/R) 

gradually decreased after the first two pulses, suggesting some moderate desensitization 

of SST2 GPCRs, but importantly reached a stable plateau (Figure 1K). We next screened 

for potential non-specific responses of SST2 CNiFERs using a large number of different 
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neuropeptides and neurotransmitters, at three different concentrations (10, 100, and 1000 

nM) (Figure 1L). For most agonists, the SST2 CNiFERs showed little or no FRET response, 

except for that with SST. There was a small response with acetylcholine (ACh) at the highest 

concentration (1000 nM) for both SST2 and control CNiFERs. The background levels of 

ACh in the brain, however, do not contribute to the SST activated SST2 CNiFER response 

as confirmed below (Figure 2G and Figure S11). Taken together, these results show that the 

SST2 CNiFER (#5F3) has nanomolar sensitivity, exhibits a large FRET ratio response, and 

is highly specific for SST detection.

We next investigated the feasibility of simultaneously photoreleasing and measuring SST 

with these tools. To test in vitro, SST2 CNiFERs were grown in a monolayer and imaged 

with a two-photon microscope (Figure 2A). Au-nV-SST (loaded with 300 nM SST) were 

diluted directly in the extracellular solution of the CNiFERs and stimulated by 60-μm-

diameter tornado scans at 720 nm (300 mW, 64 scans) in the center of the CNiFER culture. 

Real-time two-photon fluorescent images showed that the FRET response (ΔR/R) in the 

SST2 CNiFERs near the stimulation area dramatically increased following photo stimulation 

(Figure 2B). We observed ~38% of CNiFERs activated in a 200 μm × 200 μm area (Figure 

S6). We further found that SST2 CNiFERs at longer distances from the tornado scan area 

had a delayed response (Figure 2C, Figure S6). In addition, the FRET response from 

SST2 CNiFERs increased with the stimulation power and scan number (Figure S7 and S8). 

For controls, there was no CNiFER response following photo-stimulation of SST-loaded 

nanovesicles lacking gold (nV-SST) or gold-coated empty nanovesicles (Au-nV). Together, 

these results suggest that SST2 CNiFERs can detect the SST release and transmission in 
vitro in real-time.

We further tested SST photorelease and signaling in vivo by implanting a mixture of 

SST2 CNiFERs and fluorescent dye-labeled Au-nV (Au-nV-Atto, Atto refers to Atto 647N) 

into the mouse somatosensory cortex and imaging 2–4 hours later (Figure 2D). Here, we 

used the YFP emission (520–560 nm) to locate SST2 CNiFERs and the red fluorescence 

(575–645 nm) to monitor potential movement of Au-nV-Atto. The local distribution of 

Au-nV-Atto overlapped well with that of the CNiFERs (Figure 2E), suggesting limited 

diffusion of nanovesicles in the brain. The limited diffusion of nanovesicles is likely due 

to the physical barrier of CNiFERs and narrow extracellular space in the brain (images at 

different depths in Figure S9).[4c, 10] To further examine the localization of nanovesicles, we 

incubated nanovesicles with SST2 CNiFERs for 4 hours in vitro and observed no significant 

endocytosis of nanovesicles by the CNiFERs (Figure S10). This result suggests that Au-nV-

SST remained predominantly in the extracellular space in the brain. Upon 720 nm light 

stimulation of Au-nV-SST, we observed a substantial increase in the FRET response (ΔR/R) 

that depended on the laser power and scan duration (Figure 2F, 2G and 2H), indicative of 

SST release. Interestingly, with irradiations of high power or long duration, the ΔR/R for 

the FRET response dropped below baseline at ~100 s but recovered. This drop might be due 

to SST2 receptor desensitization at high concentrations of SST, but further investigation is 

required. Note a monotonic increase in the amplitude of ΔR/R with increasing stimulation 

durations, while the time of peak response shows no significant differences (Figure 2I). 

The peak response of SST2 CNiFERs takes several seconds, mostly due to the time needed 

for activation of the GPCR and downstream signaling processes. Taken together, these 
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results indicate a fast photorelease of SST and robust CNiFER detection (within several 

seconds), when Au-nV-SST are co-mingled with SST2 CNiFERs. We also conducted a 

series of controls. Photo-stimulation on Au-nV (gold-coated empty nanovesicles) or nV-SST 

(SST-loaded nanovesicles without gold coating) did not produce a FRET response in the 

SST2 CNiFER implants, even at the highest laser power and scan numbers (125 mW and 5.2 

s). This result suggests that the photo-stimulation alone or encapsulated SST cannot trigger a 

SST2 CNiFER response (Figure 2G and Figure S11). Thus we conclude the SST2 CNiFER 

response is specific to the photoreleased SST.

To estimate the amount of SST released, we analyzed the scattering of the stimulation beam 

in the brain by numerical simulation (see Methods) and obtained a stimulation volume of 

~10 fL (0.93 μm × 0.93 μm × 11.3 μm) with a single pulse. A 60-μm-diameter tornado scan 

gives a stimulation volume of 32 pL (Figure S12 and Table S1). Stimulation of the 32 pL 

volume at 100 mW and 40 scans leads to an estimated photorelease of 1.2 × 108 molecules 

and 100 nM concentration (Table S2). These results demonstrate the capability of PACE to 

release and detect physiological concentrations (nM) of SST in the brain.[11]

Next, we designed an experiment to measure SST diffusion and signaling directly in 

mouse brain cortex in real-time. We hypothesized that SST diffusion could be detected 

by implanting two distinct SST2 CNiFER clusters and measuring the FRET response as 

SST diffuses from one cluster to the other. We injected one cluster of SST2 CNiFERs 

co-mixed with Au-nV-SST (defined as the core implant) in the mouse cortex (Figure 3A). 

We then implanted additional SST2 CNiFER clusters at adjacent sites (defined as satellite 
implants). Figure 3B shows a core implant and two satellite implants (Sat-1, Sat-2) at a 

~200 μm depth in the mouse somatosensory cortex. Photo-stimulation of Au-nV-SST in the 

core implant triggered SST release that was detected first by the core implant and then by 

satellite implants (Figure 3C). The peak CNiFER responses at satellite implants (Sat-1 and 

Sat-2) occurred after a delay and were smaller than in the core implant, consistent with 

neuropeptide dilution and diffusion, respectively. As shown previously, photo-stimulating 

satellite implants lacking Au-nV-SST did not evoke a FRET response in SST2 CNiFERs 

(Figure 3C). To determine the maximal diffusion distance to activate GPCRs, we extended 

the distances between the implants to 200–300 μm (Figure 3D). Figure 3E shows a 

significant FRET signal from the satellite implant 220 μm away from the core implant, while 

no CNiFER response was detectable at longer distances (Figure S13). Thus, SST2 CNiFERs 

could detect SST (i.e., < 0.5 nM) at distances ≤ 220 μm from the area of photo-stimulated 

Au-nV-SST. We then systemically varied the distances of the satellite implants from 50–

220 μm. The amplitude of the CNiFERs response decreased with distance, indicating a 

spatial concentration gradient with reduced SST concentrations at longer distances from the 

core (Figure 3F). We measured the time of the peak SST2 CNiFER response following 

photostimulation. The time of the peak response for SST2 CNiFERs co-mingled with 

Au-nV-SST (core implant) revealed the time for GPCR activation and subsequent Ca2+ 

signaling (~ 5 s) (Figure 3G). The time to diffuse and activate SST2 CNiFERs positioned at 

short distances (less than 130 μm) was similar (~ 15 s), suggesting transmission is mainly 

synchronous. By contrast, the transmission time dramatically increased at larger distances 

(150–220 μm). For example, SST took approximately 46 s to reach the maximum diffusion 

distance and induce a CNiFER response, while it took ~23 s to reach CNiFERs at 160 μm 
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(i.e., less synchronous). We examined whether variation in the shape or size of the implant 

would affect our measurements. By comparing two scenarios with the same core/satellite 

implant distance but two different implant sizes, we found that while the response amplitude 

varied, the time of peak response was not significantly different (Figure S14). We conducted 

a simulation using the exact distribution (uniform, inner or outer) of Au-nV-SST within the 

core cluster and found this would not significantly affect the response time of the satellite 

cluster (Figure S15). Taken together, these results suggests that the time delay of the peak 

response provides a robust indicator of SST transmission and signaling, and reveals the 

spatiotemporal scale of SST transmission and signaling in the neocortex.

Neuropeptides can bind to receptors on neurons as well as undergo peptidase degradation 

when diffusing in the extracellular space. We compared our distance-dependent signaling 

measurements with a theoretical point-source diffusion model to evaluate the loss of SST 

caused by these two factors during diffusion. We first measured the effective diffusion 

coefficient (D*) of fluorescently labeled SST, fluorescein-5(6)-carbonyl-somatostatin-14 

(5(6)-FAM-SST), by the integrative optical imaging (IOI) method in acute brain slices 

(Figure S16, D* = (8.9 ± 1.3) × 10−7 cm2•s−1).[12] Since the cyclic structure of SST 

remains the same in 5(6)-FAM-SST, this method gives a reasonable estimate of the effective 

diffusion coefficient (D*) for SST in brain tissue. Note that the loss of SST was not 

considered here in IOI measurements since the SST concentration was 10–100 times higher 

(1.5 mM of 5(6)-FAM-SST) than physiological concentrations. We defined the maximal 

signaling distance (rmax) as the farthest location where the peak SST concentration reaches 

the threshold for CNiFER detection (Ct). With the effective diffusion coefficient (D*), 

nM sensitivity of CNiFERs (Ct = 0.5–1.5 nM, see Methods), and an estimated number 

of photoreleased SST molecules (1.2 × 108), the point-source diffusion model predicts 

the theoretical rmax as a function of SST loss rate constant (k′, Figure 3H). Here the 

loss rate constant k′ is determined by a combination of neuropeptide binding degradation 

during diffusion in extracellular space (Figure 3A). The comparison of experimental and 

theoretical rmax yields the k′ in the range of 0.023 s−1 – 0.048 s−1 (Figure 3H). Using these 

transport parameters, we calculated the SST concentration at different distances based on the 

point-source diffusion model (Equation 2). The SST loss from the binding and degradation 

becomes more significant at large distances (> 100 μm, Figure 3I). These results suggest that 

receptor binding and degradation in concert with dilution in the extracellular space limit the 

maximal distance that SST can signal to receptor-expressing neurons. We also compared the 

experimental diffusion time with the time for the released neuropeptide to diffuse and reach 

the threshold concentration (Equation 2) and peak concentration (Equation 4) at different 

distances. The overlap in the experimental data (Δtexp) and the predicted times, which are 

inclusive of the range of times for CNiFERs to sense and respond the released neuropeptide 

(Figure S17), further validates the estimate of SST loss rate.

To examine whether the geometry of brain extracellular space and the composition of the 

extracellular matrix play essential roles in controlling the local diffusion of endogenous 

signaling molecules and nutrients,[4a, 13] we applied the PACE approach to probe SST 

volume transmission in mice with an altered extracellular environment. We predicted that 

degradation of the extracellular matrix would decrease the resistance and enhance peptide 

diffusion. Hyaluronic acid (HA) is one of the major components of the brain extracellular 
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matrix and forms high molecular weight long-chain molecules, a physical barrier for 

molecular diffusion.[14] To alter the extracellular environment, we injected hyaluronidase 

(hyase) into the lateral ventricles of adult mouse brain and measured SST diffusion two 

days after the hyase injection. The immunostaining for hyaluronan binding protein (HABP) 

confirms HA reduction (Figure 4A and 4B). Quantitative analysis shows that the intensity 

of HABP decreased to 23% of that in untreated brains (Figure 4C). Notably, there were no 

differences in cell nucleus number or cell size in the cortex compared to untreated brains 

(Figure 4D, Figure S18), indicating no significant cell loss.

With the HA-deficient mouse brain model, we measured SST volume transmission using 

the Au-nV-SST and SST2 CNiFERs (Figure 4E), as described above. Photo-stimulation 

of the core implant containing both CNiFERs and Au-nV-SST resulted in a large FRET 

response in the core CNiFERs and after a delay in satellite CNiFERs. Similarly, no FRET 

response was observed upon the direct photo-stimulation of the satellite implant (Sat), 

which only contained SST2 CNiFERs (Figure 4F). However, the main difference observed 

in the HA-deficient mice was the peak of the FRET response had a faster rise and decay 

time for satellite implant (Sat) as compared with the untreated brain (Figure 4G). The 

difference between the peak response times in the untreated and hyase-treated brains was 

more apparent at longer distances (Figure 4H). For example, the transmission and signaling 

over 200 μm in hyase-treated brains was 2.2-fold faster than that in untreated brains. Thus, 

the results suggest that the speed of neuropeptide volume transmission is, in part, determined 

by the extracellular space and the extracellular matrix (Figure 4I).

Tissue heating is a common concern with multiphoton techniques for in vivo imaging.
[15] An important consideration here is whether PACE has potential impact of local 

brain heating. To measure tissue heating, we inserted a thermocouple probe in the brain 

during laser stimulation and imaging (Figure S19). Elevations in temperature originated 

predominantly from tissue absorption of the near-infrared light (3°C/100 mW), consistent 

with previous reports.[15a] Importantly, the presence of gold-coated nanovesicles did not 

lead to an additional temperature increase. Furthermore, our experimental results showed no 

observable response to the stimulation of Au-nV or SST-nV (Figure 2G and Figure S11). 

Therefore, tissue heating is minimal and likely does not significantly impact the signaling 

measurement reported here.

PACE is a versatile approach to probe extrasynaptic signaling in different contexts. These 

combined technologies provide significant advantages over current neuropeptide release and 

sensing methodologies. First, optogenetic stimulation of neuropeptide expressing neurons 

can induce release of a peptide but classical neurotransmitters can be co-released (e.g., 

glutamate, GABA).[1a, 16] Photo-stimulation of nanovesicles releases a bolus of a specific 

neuropeptide. Second, compared with caged compounds,[17] nanovesicles allow in vivo 
measurement by protecting from rapid peptidase degradation. Third, CNiFERs provide in 
vivo neuropeptide real-time detection and signaling at physiologically relevant nanomolar 

neuropeptide concentrations. In contrast, microdialysis has a slow sampling rate (several 

minutes or longer),[18] while fast scanning cyclic voltammetry requires specific electroactive 

amino acid in the sequence of neuropeptides such as tyrosine.[19] GPCR-based genetically 
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encoded fluorescent sensors for neuropeptides are emerging;[20] however, challenges remain 

in the brightness and sensitivity in vivo.

In this work, we have demonstrated that the PACE strategy provides new insights 

into neuropeptide volume transmission by precisely releasing and sensing neuropeptide 

transmission at defined distances. PACE measures the integrated process of neuropeptide 

release, diffusion, GPCR binding, and intracellular signaling, which includes the 

predominant steps in the neuropeptide extrasynaptic volume transmission. Using PACE, 

our study provides the first quantitative estimation of the overall SST loss rate (k′, 0.023–

0.048 s−1) due to the degradation and binding in vivo. The results suggest that neuropeptide 

binding and degradation limit extrasynaptic transmission at long distances (>100 μm).

Conclusion

In summary, we report an integrated approach (PACE) to mimic and probe neuropeptide 

volume transmission in vivo by optical release and sensing. PACE provides the ability 

to package and release an exogenously supplied neuropeptide using small gold-coated 

nanovesicles, with high temporal and spatial resolution in the brain. A newly created SST2 

CNiFER detects nM concentrations of photo-released SST in real-time in the brain. In 

the future, it may be possible to detect release of endogenous SST with SST2 CNiFERs. 

With the PACE technique, we measured the time for SST transmission and signaling 

across a range of distances and revealed distance-dependent signaling for neuropeptides 

(reduced but synchronized within 130 μm, while smaller and delayed at longer distances). 

Importantly, we provide the range of SST loss rate due to the binding and degradation during 

diffusion and determined that SST loss limits its transmission at longer distances (>100 

μm). PACE is a useful tool to reveal important biological signaling processes in the brain 

and opens up new avenues for using nanotechnology to address fundamental questions in 

neuroscience. The findings in this work will advance the understanding of neuropeptide 

volume transmission and its functional role in brain circuits.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Development and characterization of neuropeptide photoreleasing and sensing techniques. 

A) Schematic of near-infrared (NIR) femtosecond (fs) laser pulses triggered release from 

gold-coated somatostatin-14 (SST) loaded nanovesicles (Au-nV-SST). B) UV-Vis spectra 

of Au-nV-SST and nV-SST. C) Transmission electron microscopy (TEM) image of Au-nV-

SST. Scale bar: 20 nm. D) The efficiency and amount of SST released from nanovesicles 

under the irradiation of 720 nm fs laser pulses (n = 3). Duration (0.175 s, 0.35 s, 1.4 

s) of photostimulation refers to the scan number (5, 10, 40). E) Release of calcein under 

stimulation conditions (100 mW, 10 tornado scans, 0.65 s, 700–820 nm) and imaging 

conditions (15 mW, resonant scans, 8 minutes, 840–1000 nm) (n = 5). F) Release kinetics 

of calcein from nanovesicles stimulated at 720 nm for 65 ms (n = 5). G) Schematic of 

SST2 CNiFER signaling pathway. SST activates SST2 GPCR to induce Ca2+ cytoplasmic 

influx detected by the FRET-based genetically encoded Ca2+ detector (Twitch 2B). Twitch 
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2B contains mCerulean3 (CFP) and cpVenusCD (YFP). H) FRET response from SST2 and 

control CNiFERs after application of 100 nM SST (red bar). Response in CFP (cyan) and 

YFP (yellow) fluorescence (top) leads to the change in FRET ratio (ΔR/R, bottom). I) 

Dose-response curve for SST2 (n = 4) and control (n = 3) CNiFERs. The smooth curve 

shows the best fit with the Hill equation, with the indicated EC50 and Hill coefficient. J) 

The FRET response is shown for SST2 CNiFERs and control CNiFERs activated by 5 nM 

SST in the presence of different concentrations CYN 154806, a SST2 receptor antagonist. 

K) FRET response for SST2 CNiFER with repeated 30 s applications of SST (5 nM, n = 4). 

L) FRET response with the indicated peptides and classical neurotransmitters (NTs) at three 

different concentrations for SST2 CNiFERs (n = 3–6) and control CNiFERs (n = 3–6). Data 

are expressed as Mean ± S.D.
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Figure 2. 
Real-time photorelease and monitoring of SST. A) Schematic of photoreleasing and 

monitoring SST on cultured SST2 CNiFERs with a two-photon microscope. B) 

Representative images of the ratio of YFP and CFP (R(Y/C)) of SST2 CNiFERs before 

and after laser stimulation on Au-nV-SST (720 nm, 300 mW, 4 s). Tornado scans with a 

diameter of 60 μm were performed in the center (marked as a red circle) at 0 s. Scale bar: 

100 μm. C) Heat map of FRET response (ΔR/R) for activated CNiFERs. STIM represents 

the photo-stimulation at 0 s. Cell number was sorted by the distance (r) from the center. D) 

Schematic of implantation of co-mingled SST2 CNiFERs/Au-nV-SST mixture into mouse 

cortex. Au-nV-SST was stimulated by tornado scans (diameter: 60 μm) at 720 nm with 

an axial resolution of 11 μm. E) Representative two-photon fluorescent images of SST2 

CNiFERs (Ex: 900 nm; Em: 520–560 nm) and Atto 647N-labeled Au-nV (Ex: 1100 nm; Em: 

575–645 nm) at the depth of 200 μm in mouse cortex. Scale bar: 50 μm. F, G) FRET change 

(ΔR/R) trace (F) and maximum ΔR/R (G) of the SST2 CNiFERs implant under 720 nm laser 

stimulation with different laser power (2.6 s, n = 3 implants from 3 mice per group). The red 

triangle indicates the photo-stimulation at 0 s. Au-nV: gold-coated empty nanovesicles. nV-
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SST: SST-loaded nanovesicles without gold coating. Statistical analysis was conducted by a 

two-sample Student’s t-test between the Au-nV-SST and control groups (Au-nV, nV-SST). 

H) FRET change (ΔR/R) for SST2 CNiFERs implants plotted for different scan durations 

with 720 nm laser stimulation (100 mW). I) The maximum ΔR/R and time of peak response 

are plotted as a function of stimulation duration (n = 3 implants from 3 mice). No significant 

differences were found between the two times of peak response at different scan numbers by 

a two-sample Student’s t-test. Data are expressed as Mean ± S.D.; **p < 0.01; ***p < 0.001; 

n.s., not significantly different.
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Figure 3. 
Measurement of SST volume transmission in vivo. A) Schematic of SST transmission 

measurement by implanting two clusters of SST2 CNiFERs, in which the core implant (left) 

is mixed with Au-nV-SST. B) Two-photon fluorescent image of SST2 CNiFERs at a depth 

of 200 μm in mouse cortex (Ex: 900 nm; Em: 520–560 nm). The implant in the center 

(Core) was mixed with Au-nV-SST, while the other two satellite implants (Sat-1, Sat-2) 

were SST2 CNiFERs alone. Scale bar: 50 μm. C) The response curves of SST2 CNiFERs 

when stimulating (STIM) at different regions (720 nm, 100 mW, 2.6 s). The red triangle 

indicates the photo-stimulation at 0 s. D) Two-photon fluorescent image of SST2 CNiFER 

clusters at a distance of 220 μm in mouse cortex. Scale bar: 50 μm. E) The response curves 

of SST2 CNiFERs when stimulating at the core implant (Core). The threshold of the valid 

signal is set as Mean + 3δ (δ: the standard deviation of baseline). F) Normalized maximum 

ΔR/R of paired SST2 CNiFERs implants at different distances in untreated mice brains (n 
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= 10 pairs of implants in 9 mice, 2–4 repeated measurements for a pair of implants). G) 

Time of peak response from SST2 CNiFER implants at defined distances in untreated mice 

brains. Photo-stimulation is at 0 s. The centerline represents the mean value. H) Predicted 

maximal diffusion distance (rmax) as a function of loss rate (k′) from point-source diffusion 

model (Equation 2) with total SST released number Q = 1.2 × 108 and effective diffusion 

coefficient D* = 8.9 × 10−7 cm2•s−1 (from optical integrative imaging measurement). The 

horizontal dashed line represents the experimental rmax = 220 μm. I) Predicted concentration 

as a function of distance from Equation 2. Data are expressed as Mean ± S.D.
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Figure 4. 
SST volume transmission in hyaluronan-deficient brains. A) Representative images of 

HABP-labeled (red) brain cortex sections from untreated mouse and hyaluronidase (hyase)-

treated mouse. Nuclei were stained by Hoechst 33342 (blue). Scale bar: 200 μm. B) 

Confocal images of the brain cortex in the left hemisphere with high magnification. Scale 

bar: 10 μm. C) Average fluorescence intensity for HABP in mouse cortex (0.8 mm × 0.8 

mm) of untreated and hyase-treated brains (n = 8 slices). D) Number of nuclei in the cortex 

of untreated and hyase-treated brains (n = 5 slices). E) Two-photon fluorescent image of 

SST2 CNiFERs implanted at a depth of 200 μm in mouse cortex. The top implant (Core) has 

SST2 CNiFERs mixed with Au-nV-SST, while the bottom implant (Sat) contains only SST2 

CNiFERs. Scale bar: 50 μm. F) The response curves of SST2 CNiFERs when stimulating 

(STIM) at different regions (720 nm, 100 mW, 2.6 s). G) Comparison of normalized ΔR/R 

traces of the core implants (Core) and satellite implants (Sat) at the distance of 140 μm in 

untreated and hyase-treated brains (n = 3). H) Comparison of time of peak response over 

Xiong et al. Page 18

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different distances in hyase-treated brains (n ≥ 4 measurements for each distance, 6 mice in 

total) and in untreated brains (acquired from Figure 3G). I) Schematic of the change in brain 

extracellular space (ECS) and SST volume transmission under different conditions. Data 

are expressed as Mean ± S.D.; *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significantly 

different.
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