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High-Contrast Visualization of Endogenous Proteins for Live Imaging
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Fluorescence imaging of most cellular structures and protein species relies on the proper and specific
introduction of fluorescent labels. However, the prevalent protein labeling methods have significant
limitations. Immunolabeling does not usually allow for live imaging because it requires fixation and
permeabilization and does not provide cell-specific contrast, which has been proven essential for high-
resolution high-contrast imaging. The primary approach for live visualization of protein dynamics has
been to overexpress a fluorescent protein (FP)-tagged target protein [1, 2]. However, protein
overexpression can result in undesirable side effects. For example, overexpression of FP-tagged
postsynaptic protein PSD-95 has been widely used to study protein dynamics and synaptic organization
and mark excitatory synapses [3]. At the same time, PSD-95 overexpression also results in significant
off-target effects, including increased number and size of dendritic spines and impaired synaptic
plasticity [4, 5]. Although knock-in of FP tags may label a protein without overexpression, the standard
knock-in strategies lead to the global expression of the FP, resulting in poor imaging contrast and lack of
cell type specific labeling.

To overcome these challenges, we have developed a conditional knock-in strategy termed endogenous
labeling via exon duplication, or ENABLED (Figure 1) [6]. This strategy labels protein from their C-
termini in a manner dependent on the expression of Cre recombinase with nearly ideal properties: highly
specific, stoichiometric, compatible with live cell imaging, and with minimal perturbations to protein
dynamics and cellular function. This approach is readily amendable to high-contrast cell-specific
labeling, cell type-specific labeling, and global labeling, as needed. We have used the ENABLED
strategy to specifically and stoichiometrically label endogenous PSD-95 with mVenus or mEGFP in
global, sparse, and cell-type specific manners (Figure 2). Extensive characterizations demonstrate that
FP-tagged PSD-95 can functionally replace wild-type PSD-95.

Using the PSD-95-ENABLED mouse, we found that synaptic structures, as assayed by PSD-95mVenus
fluorescence, only loosely correlated with the volume of individual dendritic spines, indicating that the
spine volume is not an ideal proxy for synaptic strengths. Furthermore, by specifically labeling PSD-95
in discrete populations of aspiny neurons, we unambiguously marked and examined the dynamics of
morphologically-unidentifiable shaft excitatory synapses in living tissue (Figure 3). We found that PSD-
95 levels correlated with the glutamate sensitivity of individual synapses. By using longitudinal in vivo
two-photon microscopy, we found that the excitatory synapses of cortical PV interneurons turns over at
a rate much lower than their spiny counterparts in layer 2/3 pyramidal neurons. Overall, the PSD-95-
ENABLED mouse line may open up novel research avenues for studying the function of excitatory
synapses, especially those residing on dendritic shafts. The ENABLED strategy should be applicable to
a wide variety of important proteins that are compatible with C-terminal FP-tagging [7].
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Figure 1. Design of the ENABLED strategy.
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Figure 3. Visualization of excitatory
shaft synapses on aspiny neurons. Upper,
representative images. Lower, uncaging
EPSC amplitudes as a function of PSD-

Figure 2. Representative images. PSD-95 is labeled
(green) in all neurons, a random sparse subset, and

specific neuronal subtypes (example uses the DAT- T Venus
Cre driver line). Magenta shows tdTomato signal 95 fluorescence. Data are color-

resulting from Cre-dependent recombination of the coded for the uncaging location in the
Ai9 allele. upper panel.
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