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Propofol attenuates kinesin-mediated axonal 
vesicle transport and fusion

ABSTRACT Propofol is a widely used general anesthetic, yet the understanding of its cellular 
effects is fragmentary. General anesthetics are not as innocuous as once believed and have a 
wide range of molecular targets that include kinesin motors. Propofol, ketamine, and etomi-
date reduce the distances that Kinesin-1 KIF5 and Kinesin-2 KIF3 travel along microtubules in 
vitro. These transport kinesins are highly expressed in the CNS, and their dysfunction leads 
to a range of human pathologies including neurodevelopmental and neurodegenerative dis-
eases. While in vitro data suggest that general anesthetics may disrupt kinesin transport in 
neurons, this hypothesis remains untested. Here we find that propofol treatment of hippo-
campal neurons decreased vesicle transport mediated by Kinesin-1 KIF5 and Kinesin-3 KIF1A 
∼25–60%. Propofol treatment delayed delivery of the KIF5 cargo NgCAM to the distal axon. 
Because KIF1A participates in axonal transport of presynaptic vesicles, we tested whether 
prolonged propofol treatment affects synaptic vesicle fusion mediated by VAMP2. The data 
show that propofol-induced transport delay causes a significant decrease in vesicle fusion in 
distal axons. These results are the first to link a propofol-induced delay in neuronal trafficking 
to a decrease in axonal vesicle fusion, which may alter physiological function during and after 
anesthesia.

INTRODUCTION
Anesthesia is a key component of modern medical treatment, yet 
current understanding of anesthetic physiology is fragmentary, at 
best. General anesthetics, including propofol, impact early brain de-
velopment and can cause neurodegeneration and long-lasting dis-
ruptions in synaptic communication (Lee et al., 2015; Kelz and 
Mashour, 2019; Maksimovic et al., 2022). Defining the set of mole-
cular targets and mechanism of action of anesthetic drugs is crucial 
for developing alternative general anesthetics and minimizing side 
effects.

Propofol (2,6-diisopropylphenol) is the most commonly used in-
travenous general anesthetic (Kotani et al., 2008; Bateman and 
Kesselheim, 2015; Hemmings et al., 2019) and administered to 30–
50 million patients every year (Walsh, 2018). It is thought to act by 
altering the activity of various ligand- or voltage-gated neuronal 
channels, including the GABAA receptor. Propofol is a small, hydro-
phobic molecule that readily crosses the blood–brain barrier, anes-
thetizes rapidly, and allows for rapid patient recovery after adminis-
tration ends. However, despite ∼75% of propofol typically clearing 
within 24 h, adverse side effects caused by propofol include pain on 
injection, hypotension, hypoventilation, bradycardia, and hyperlipe-
mia (Eckenhoff and Tang, 2018). Propofol has been in clinical use 
since the 1980s (Walsh, 2018), yet the precise mechanism of action 
of propofol and the complete set of target proteins remain unknown 
(Eckenhoff and Tang, 2018).

The motor protein kinesin was recently identified as a novel pro-
pofol target (Bensel et al., 2017; Woll et al., 2018). Most kinesins 
move cargoes by stepping hand-over-hand toward the plus end of 
microtubules (Asbury et al., 2003; Kaseda et al., 2003; Yildiz et al., 
2004). Individual dimers can take more than 1000 consecutive 8 nm 
steps on a single microtubule, exceeding 10 µm in distance (Soppina 
et al., 2014). Members of the Kinesin-1, -2, and -3 families are 
thought to mediate long-range microtubule-based transport in 
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mammals (Hirokawa et al., 2009, 2010). In single molecule experi-
ments, propofol reduced the run length—the distance moved in a 
single continuous excursion—of Kinesin-1 (KIF5) and Kinesin-2 
(KIF3AB and KIF3AC) motors by 40–60% (Bensel et al., 2017). Fur-
ther work found that propofol reduces run lengths by binding to the 
leading head of microtubule-bound kinesins, increasing the proba-
bility of dissociation before the lagging head can complete a step 
(Woll et al., 2018; Dutta et al., 2021). Because the propofol binding 
pocket forms only when the leading kinesin motor domain is an ATP 
state and bound to the microtubule, motor dissociation results in 
propofol release (Woll et al., 2018; Dutta et al., 2021). Consequently, 
propofol effects are reversible and observable only during acute 
treatment.

It is unclear whether propofol-mediated attenuation of kinesin 
stepping affects vesicle transport in cells. Nearly all eukaryotic cells 
rely on microtubule-based vesicle transport to maintain a function-
ing endomembrane system (Verhey et al., 2011). Neurons—the tar-
get cells of anesthetics—have extreme transport requirements 
(Bentley and Banker, 2016; Guedes-Dias and Holzbaur, 2019; Nabb 
et al., 2020; Radler et al., 2020). Human axons can span up to 1 m, 
and kinesin-mediated vesicle transport supplies the constant need 
for protein material at the distal axon. In axons, microtubules are 
densely packed and oriented in parallel, with their plus ends away 
from the cell body (Baas et al., 1988). This creates an optimal envi-
ronment for efficient kinesin-mediated anterograde vesicle trans-
port. Vesicles are moved by coordinated groups of kinesins. Conse-
quently, vesicles exhibit run lengths that far exceed those of 
individual kinesins because multiple kinesins can engage microtu-
bules simultaneously and loss of any one active kinesin can be com-
pensated for by the remaining kinesins. Thus, propofol effects ob-
served in single molecule experiments may not manifest in a 
physiologically relevant reduction of intracellular vesicle transport.

In this study, we tested the hypothesis that propofol disrupts 
kinesin-mediated vesicle transport in axons. We found that propofol 
reduced the run length and velocities of anterograde axonal trans-
port for both Kinesin-1 family member KIF5C and Kinesin-3 family 
member KIF1A vesicles. This transport delay is associated with the 
delayed accumulation of neuron–glia cell adhesion molecule 
(NgCAM), an axonal transmembrane protein that is delivered to the 
distal axon. Finally, we found that the delay in vesicle transport re-
sulted in decreased fusion of the synaptic membrane protein vesi-
cle-associated membrane protein 2 (VAMP2) in distal axon tips. 
Taken together, these data point toward a model in which kinesins—
possibly all 15 or so kinesins that are thought to mediate vesicle 
transport—are affected by propofol, resulting in alteration of physi-
ological function during and after anesthesia.

RESULTS
Propofol decreases anterograde Kinesin-1–mediated axonal 
vesicle transport
To test the hypothesis that propofol affects kinesin-mediated, long-
range vesicle transport in cells, we opted for live-cell imaging in 
cultured hippocampal neurons. Because the propofol effect is best 
characterized for Kinesin-1 (Bensel et al., 2017; Woll et al., 2018; 
Dutta et al., 2021), we used a labeling strategy that we recently 
developed to visualize vesicle-bound Kinesin-1 family member 
KIF5C (Yang et al., 2019; Frank et al., 2020; Montgomery et al., 
2022). We expressed halo-tagged KIF5C tail at low levels in 
6–9 days in vitro (DIV) cultured hippocampal neurons and visualized 
vesicles with JF549 (Grimm et al., 2015). KIF5C binds to vesicles 
through the kinesin light chain (KLC) (Hackney et al., 1991; Schnapp, 
2003; Woźniak and Allan, 2006), and nonfluorescent KLC1a was 

coexpressed with KIF5C to maximize vesicle binding. Halo-KIF5C 
tail can bind and label vesicles, but the absence of a motor domain 
ensures that all vesicle movements are exclusively mediated by en-
dogenous motors. Vesicles labeled by Halo-KIF5C tail move in axon 
and dendrites (Yang et al., 2019). Dendrites have a mixed microtu-
bule orientation, half of microtubules with their plus end toward 
and half away from the distal dendrite. This mixed microtubule 
organization makes it challenging to determine whether any indi-
vidual vesicle is moved by plus end–directed kinesins or minus end–
directed dynein. In contrast, all axonal microtubules are oriented 
with their plus end away from the cell body (Baas et al., 1989). Thus, 
anterograde movement is mediated by kinesin and retrograde 
movement by dynein (Bentley and Banker, 2016; Guedes-Dias and 
Holzbaur, 2019). We therefore focused our initial analysis on axonal 
movement of Kinesin-1 vesicles.

Expressed Halo-KIF5C tail localized to vesicles in the axon and 
dendrites (Figure 1), in agreement with previous studies (Yang et al., 
2019; Frank et al., 2020; Montgomery et al., 2022). High-magnifica-
tion images show that axonal Halo-KIF5C vesicles were dim, likely 
due to the relatively small number of kinesins on each vesicle (Figure 
1, A and B). The kymographs show that most axonal transport was 
anterograde. On kymographs, anterograde transport events are in-
dicated by lines with positive slopes and retrograde transport events 
by lines with negative slopes.

To manage the complexity of imaging vesicle transport in live 
cells, we designed experiments to isolate propofol effects from 
those caused by repeated imaging while still measuring the impact 
of acute propofol treatment on individual cells. Each neuron was 
recorded twice. An initial recording (“0 min”) was generated before 
treatment to determine the baseline transport parameters for each 
cell. Neurons were then treated with dimethyl sulfoxide (DMSO) 
(vehicle) or 10 µM propofol for 10 min; a concentration of 10 µM is 
within the physiologically relevant range and on the lower end of 
published concentrations for in vitro experiments (Eckenhoff and 
Tang, 2018; Li et al., 2018). In addition, the studies that first de-
tected a propofol effect on kinesins in vitro used the same concen-
tration (Bensel et al., 2017; Woll et al., 2018). After this treatment, 
cells were recorded a second time (“10 min”). Repeated imaging 
can result in phototoxicity, which harms cell health and may reduce 
transport activity independent of propofol. The vehicle control con-
dition (DMSO) accounts for any decrease in trafficking caused by 
the handling and imaging of the samples, independent of propofol. 
This experimental design gives confidence that any effect observed 
in the propofol condition, but not DMSO, is caused specifically by 
the anesthetic.

Cultured neurons vary in the number of labeled vesicles and their 
transport parameters. This can be due to the expression level of 
exogenous constructs or natural cell-to-cell variation in vesicle dy-
namics. A key strength of this experimental design is that each cell 
was recorded twice and acts as its own control, minimizing con-
founding effects caused by cell-to-cell variability. To quantify 
changes in transport, all analysis was performed by blinded kymo-
graph review. For initial analysis, transport events from all cells in 
each condition were pooled into a data set and are visualized as 
histograms (Figure 1, C and D).

Histograms show that the overall anterograde run length at 
10 min increased minimally in vehicle control cells (Figure 1C). This 
change was not statistically different from that at the 0 min time 
point and highlights the inherent variability in neuronal vesicle trans-
port. Anterograde velocity did not change significantly in the DMSO 
treatment. In contrast, propofol-treated neurons had ∼60% shorter 
anterograde run lengths after 10 min treatment, with the mean run 
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FIGURE 1: Propofol attenuates anterograde transport of axonal KIF5C vesicles. (A, B) Representative images of 7 DIV 
hippocampal neurons expressing Halo-KIF5C tail and visualized with JF549. Arrowheads indicate the axon. High-
magnification images and kymographs show vesicles and axonal transport of Halo-KIF5C vesicles before and 10 min 
after treatment with (A) vehicle (DMSO) or (B) 10 µM propofol. For clarity, transport events from kymographs are 
redrawn as black lines. Kymograph lines with a positive slope indicate anterograde transport, and lines with a negative 
slope indicate retrograde transport. This convention is followed in all figures. Scale bar: 10 µm. (C, D) Histograms of 
axonal run lengths and velocities for axonal vesicles visualized with Halo-KIF5C tail. (E, F) Plots of the change in run 
length and velocity for each neuron after 10 min treatment with vehicle (DMSO) or propofol. DMSO: 27 cells; propofol: 
25 cells.
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length decreasing from 2.67 to 1.60 µm. Anterograde velocity also 
decreased, from 1.41 to 1.36 µm/s, which is modest but statistically 
significant. Notably, the overall number of observed vesicles de-
creased comparably in both DMSO and propofol conditions as indi-
cated by N values in each histogram. The decrease in vesicles is 
likely due to photobleaching, as KIF5 vesicles are notoriously dim 
(Yang et al., 2019; Montgomery et al., 2022), which makes them 
particularly susceptible to photobleaching.

Retrograde axonal transport is mediated by cytoplasmic dynein 
and not kinesins (Maday et al., 2014; Bentley and Banker, 2016; 
Guedes-Dias and Holzbaur, 2019), and the kinesin and dynein mi-
crotubule binding domains differ structurally. This makes it unlikely 
that propofol impacts dynein-mediated transport, although it has 
not yet been tested experimentally. We analyzed retrograde trans-
port to determine whether propofol effects were specific for kinesin-
mediated transport and not due to an overall decline in neuronal 
health, microtubule stability, or other indirect effects. Neither retro-
grade run length nor velocity was affected by propofol treatment 
(Figure 1D). This confirms that the experimental design did not af-
fect overall cell health. Furthermore, these data are strong evidence 
that propofol does not affect dynein trafficking, a previously unad-
dressed question.

One potential weakness with this analysis is that particularly ac-
tive cells, with high numbers of moving vesicles, contribute dispro-
portionately to the data set. To account for such variation, we per-
formed a second analysis in which the change in run length and 
velocity was quantified for each cell by comparing the 0 and 10 min 
time points (Figure 1, E and F). The change in run length for each 
cell was calculated by subtracting the average run length for events 
at 0 min from the average run length of all the runs at 10 min. The 
same metric was applied to quantify the change in velocity. In this 
analysis, each cell contributes one data point, which reduces the 
overall impact that a single cell with high transport activity can have 
on the data.

Analysis of the change in transport parameters for individual 
neurons (Figure 1E) gave results comparable to those based on the 
histogram data (Figure 1C). Neurons treated with DMSO exhibited 
no change in anterograde run length and velocity (Figure 1E). Yet, 
anterograde run length decreased substantially in propofol-treated 
neurons. This change in run length was accompanied by a decrease 
in anterograde velocity after propofol treatment (p = 0.021). Retro-
grade run length and velocity were not affected by propofol (Figure 
1F), again indicating that propofol does not alter dynein-mediated 
transport.

These results show that the previously defined effect of propofol 
on single kinesin motors causes measurable effects on Kinesin-1–
mediated axonal vesicle transport in hippocampal neurons. The 
propofol-induced decrease in vesicle run length is consistent with 
results from single molecule experiments (Bensel et al., 2017; Woll 
et al., 2018).

Propofol decreases anterograde axonal transport of 
Kinesin-3 vesicles
While Kinesin-1s are essential axonal anterograde transporters, the 
Kinesin-3 family also plays critical roles in neuronal vesicle trans-
port (Silverman et al., 2010; Bentley and Banker, 2016; Guedes-
Dias and Holzbaur, 2019; Nabb et al., 2020; Cason and Holzbaur, 
2022). It is not known whether Kinesin-3 family members are af-
fected by propofol, as in vitro analysis of these motors has not yet 
been performed.

To determine whether the propofol effect observed with vesicles 
moved by Kinesin-1 (Figure 1) also applied to Kinesin-3 vesicles, we 

expressed KIF1A-GFP to visualize vesicles and applied the same 
experimental strategy as before. Expression of full-length KIF1A re-
sults in relatively consistent vesicle labeling, which is unusual among 
kinesins and differs starkly from that of KIF5 (Yang et al., 2019; Mont-
gomery et al., 2022). KIF1A is a Kinesin-3 family member that medi-
ates anterograde axonal transport of a variety of cargoes, including 
brain-derived neurotrophic factor (Lo et al., 2011) and presynaptic 
vesicles (Niwa et al., 2008). KIF1A vesicles underwent robust axonal 
transport (Figure 2, A and B), consistent with previous studies (Niwa 
et al., 2008; Decker et al., 2010; Lo et al., 2011; Yang et al., 2019; 
Frank et al., 2020). First, we quantified the run length and velocity 
for KIF1A vesicles (Figure 2C). There was no significant change in 
the run length of KIF1A-labeled vesicles after DMSO treatment. In 
contrast, propofol treatment resulted in an ∼25% decrease in mean 
run length, dropping from 3.47 to 2.60 µm. The retrograde run 
length remained unchanged in both treatments, confirming that 
propofol did not indiscriminately affect vesicle transport or neuron 
health. The anterograde velocity of KIF1A-GFP movement de-
creased from 2.54 to 2.07 µm/s in propofol-treated axons. This out-
come contrasted with DMSO-treated neurons in which velocity in-
creased from 2.39 to 2.54 µm/s. It is unlikely that light exposure 
during imaging increased the velocity of KIF1A vesicles. Instead, 
there may be more variability in KIF1A-mediated transport, poten-
tially because KIF1A mediates the transport of a large range of neu-
ronal vesicles that likely have differences in their transport parame-
ters (Niwa et al., 2008; Lo et al., 2011; Jenkins et al., 2012; Hung and 
Coleman, 2016; Tanaka et al., 2016; Stucchi et al., 2018). Therefore, 
the observed variability in KIF1A vesicle velocities could be caused 
by the inherent diversity of KIF1A vesicles. This interpretation is 
strengthened by the fact that neither retrograde run length nor ve-
locity was changed by DMSO or propofol treatment (Figure 2D).

Analysis of transport changes in individual neurons (Figure 2, E 
and F) gave results that were comparable to those in the entire ves-
icle population (Figure 2, C and D). Anterograde run lengths were 
substantially decreased by propofol, and although anterograde ve-
locity was decreased, this change was not statistically significant in 
this analysis (Figure 2E). Retrograde run length and velocity were 
not affected in either condition (Figure 2F).

Propofol attenuates anterograde axonal transport of 
NgCAM vesicles
During transport, motor ensembles consisting of multiple kinesins 
participate in the movement of a single vesicle. One potential com-
plication with imaging fluorescent kinesins on vesicles is that indi-
vidual kinesins can cycle on and off vesicles during imaging. Vesicle 
detachment of fluorescent kinesins could visually end a run due to 
the vesicle losing its fluorescent label, with the now invisible vesicle 
continuing its movement. To address this concern, we analyzed 
vesicles labeled with a transmembrane cargo molecule that is not 
directly involved in transport. We chose NgCAM (Jareb and Banker, 
1998; Silverman et al., 2001; Petersen et al., 2014; Nabb and Bent-
ley, 2022), a type I transmembrane protein that moves in axonal 
vesicles transported by Kinesin-1 (Yang et al., 2019). We exposed 
neurons expressing NgCAM-GFP to the same imaging regiment 
and DMSO/propofol treatment as in previous experiments (Figure 
3). As expected, axonal NgCAM vesicles underwent long-range 
transport with a strong anterograde bias (Figure 3, A and B). The 
10 min DMSO treatment did not affect anterograde run length and 
velocity (Figure 3C). In contrast, propofol treatment reduced the 
anterograde NgCAM run length from 3.04 to 2.18 µm, a nearly 
30% decrease (Figure 3C), less than the decrease in run length ob-
served with Kinesin-1–labeled vesicles but nonetheless substantial 
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FIGURE 2: Propofol attenuates anterograde transport of axonal KIF1A vesicles. (A, B) Representative images of 7 DIV 
hippocampal neurons expressing KIF1A-GFP. Arrowheads indicate the axon. High-magnification images and 
kymographs show vesicles and axonal transport of KIF1A-GFP before and 10 min after treatment with (A) vehicle 
(DMSO) or (B) 10 µM propofol. For clarity, transport events from kymographs are redrawn as black lines. Scale bar: 
10 µm. (C, D) Histograms of axonal run lengths and velocities for axonal vesicles visualized with KIF1A-GFP. (E, F) Plots 
of the change in run length and velocity for each neuron after 10 min treatment with vehicle (DMSO) or propofol. 
DMSO: 15 cells; propofol: 14 cells.



6 | M. Frank et al. Molecular Biology of the Cell

FIGURE 3: Propofol attenuates axonal transport of the KIF5C cargo NgCAM. (A, B) Representative images of 7–8 DIV 
hippocampal neurons expressing NgCAM-GFP. Arrowheads indicate the axon. High-magnification images and 
kymographs show vesicles and axonal transport of NgCAM-GFP vesicles before and 10 min after treatment with 
(A) vehicle (DMSO) or (B) 10 µM propofol. For clarity, transport events from kymographs are redrawn as black lines. 
Scale bar: 10 µm. (C, D) Histograms of axonal run lengths and velocities for axonal vesicles visualized with NgCAM-GFP. 
(E, F) Plots of the change in run length and velocity for each neuron from 0 to 10 min treatment with vehicle (DMSO) or 
propofol. DMSO: 21 cells; propofol: 23 cells.
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(Figure 1). Propofol treatment also modestly reduced the antero-
grade velocity of NgCAM vesicles from 1.65 to 1.42 µm/s. Analysis 
of transport changes in each cell also showed a decrease in antero-
grade run length (Figure 3D), yet that decrease was not statistically 
significant.

Analysis of retrograde NgCAM transport in the axon found that 
neither run length nor velocity was affected by propofol (Figure 3, D 
and F). This again confirmed that the propofol effects are specific for 
kinesin-mediated anterograde transport.

These results show that propofol treatment decreases axonal 
transport of kinesin-mediated vesicle movement. The question re-
mains whether the short-term effect of decreasing vesicle run 
lengths is sufficient to affect the delivery of cargo to the distal axon.

Propofol attenuates protein delivery to the distal axon
We next asked whether the attenuation of vesicle transport caused 
by propofol results in decreased cargo delivery to the distal axon. To 
test this hypothesis, we developed an assay to measure the delivery 
of newly synthesized NgCAM to the distal axon. For detection of 
newly delivered protein we used the halotag system (Los et al., 
2008; Encell, 2012). The halotag enzyme is not independently fluo-
rescent. Instead, fluorescence is conferred only after covalent bind-
ing to a ligand with an organic dye. Because the enzyme–substrate 
reaction results in a covalent bond, interaction with a ligand pre-
vents the halotag enzyme from binding additional ligands. This 
property, combined with sequential exposure to the spectrally dis-
tinct ligands JF646 and JF549 (Grimm et al., 2015), can specifically 
visualize newly synthesized proteins (Yoon et al., 2016).

We expressed NgCAM-Halo for 12 h and treated cells with 
JF646 to saturate the halotag binding sites of expressed NgCAM-
Halo. This treatment defines a starting point (t = 0 h; Figure 4A) for 
the experiment. Only NgCAM-Halo synthesized after JF646 wash-
out can interact during the subsequent JF549 substrate exposure. 
Therefore, any JF549-labeled NgCAM-Halo at axon tips must have 
undergone vesicle transport from the soma to the distal axon after 
the original JF646 saturating treatment.

After JF646 saturation, neurons were incubated with vehicle 
(DMSO) or propofol for an extended time course (Figure 4, B and 
C). At each time point, neurons were treated with JF549 and fixed. 
Images of JF549 (Figure 4B) and JF646 (Figure 4C) were acquired 
from the soma and the distal axon. In the somata, JF549 staining 
was concentrated at the Golgi and there was no significant differ-
ence in Golgi intensity between DMSO- and propofol-treated neu-
rons at any point in the time course, indicating that propofol did not 
affect expression levels (Figure 4D).

The upper limit of NgCAM delivery to the distal axon was deter-
mined by omitting the JF646 treatment and labeling only with 
JF549 at the starting time point, 12 h after transfection (0 h; Figure 
4A). In all other conditions, JF646 treatment saturation defined the 
start of the experiment. Axonal delivery of NgCAM was determined 
by measuring the JF549 intensity in axon tips (Figure 4E). We also 
determined the axon-to-Golgi-intensity ratio (Figure 4, F and G) for 
each condition, to account for potential cell-to-cell variation in ex-
pression level by using the Golgi intensity as a proxy for expression. 
DMSO- and propofol-treated neurons both reached comparable 
axon labeling at 12 h. Four hours after release, the axon-to-Golgi 
ratio indicated that NgCAM-Halo delivery to the distal axon had 
plateaued in DMSO-treated cells and remained consistent for the 
remainder of the time course (Figure 4, F and G). Propofol-treated 
neurons exhibited a substantial delay in NgCAM-Halo appearance 
at the distal axon. The lag behind DMSO-treated cells was most 
significant at the 4 h time point. At 8 h after saturation, propofol-

treated axons still had not reached the maximum intensity. Steady-
state maximum axonal labeling was reached in both conditions at 
12 h. These results show that the propofol effects on kinesins that 
attenuate vesicle transport are sufficient to cause a delay in cargo 
delivery to the distal axon.

Propofol-induced transport delay decreases vesicle fusion in 
distal axons
The decrease in transport and cargo delivery caused by propofol 
may impact vesicle fusion at axon tips. KIF1A participates in axonal 
transport of presynaptic vesicles (Okada et al., 1995; Niwa et al., 
2008), which can be visualized by expression of GFP-tagged, vesi-
cle-associated membrane protein-2 (VAMP2 or synaptobrevin-2) 
(Sampo et al., 2003; Lewis et al., 2011; Nabb and Bentley, 2022). 
Because both anterograde axonal transport of KIF1A vesicles and 
NgCAM delivery—a cargo that cotransports with VAMP2 (Nabb and 
Bentley, 2022)—were impacted by propofol, we hypothesized that 
prolonged treatment with propofol would result in decreased fusion 
of VAMP2 in distal axon tips. VAMP2 mediates both spontaneous 
and Ca2+-triggered synchronized fusion of synaptic vesicles (Schoch 
et al., 2001; Deák et al., 2004; Südhof and Rothman, 2009). Vesicles 
maintain a stable pool of synaptic vesicles that can act as a “buffer” 
to maintain spontaneous vesicle release even if vesicle resupply is 
inhibited for short periods (Fernandez-Alfonso and Ryan, 2008; 
Fredj and Burrone, 2009). Despite this vesicle buffer, prolonged at-
tenuation of vesicle delivery to axons may result in decreased vesi-
cle fusion. Therefore, decreased VAMP2 fusion due to long-term 
propofol treatment would be consistent with the model that a pro-
pofol-induced decrease in trafficking reduces the number of avail-
able fusogenic vesicles in the distal axon.

To visualize spontaneous vesicle fusion, we expressed VAMP2 
tagged with the pH-sensitive GFP superecliptic pHluorin in its C-
terminal ectodomain (VAMP2-pHluorin) (Miesenböck et al., 1998; 
Sankaranarayanan et al., 2000; Barg et al., 2010; Gupton and 
Gertler, 2010; Kennedy et al., 2010; Keith et al., 2012; Hiester et al., 
2017; Bakr et al., 2021). VAMP2-pHluorin is quenched in the acidic 
lumen of transport vesicles and becomes fluorescent only when the 
vesicle fuses with the plasma membrane, where pHluorin is exposed 
to the culture medium at a neutral pH. Vesicle fusion events mani-
fest as bright flashes at the plasma membrane, followed by rapid 
lateral diffusion and loss of signal (Figure 5). Neurons expressing 
VAMP2-pHluorin were treated with the vehicle control (DMSO) to 
determine background levels of vesicle fusion. Propofol affects neu-
ronal channels involved in electrochemical signaling in neurons 
(e.g., GABA, NMDA, glycine, and serotonin receptors) (Eckenhoff 
and Tang, 2018; Kelz and Mashour, 2019). To account for nontrans-
port effects, some neurons were exposed to propofol for 1–3 min 
before recording. This treatment would not impact long-range, mi-
crotubule-based transport, but accounts for any immediate propo-
fol effects, for example those on receptors already in the plasma 
membrane. To identify transport-mediated effects, neurons were 
treated with propofol for 5 h before imaging. Any newly synthesized 
VAMP2-pHluorin undergoing kinesin-mediated anterograde axonal 
transport would be affected by propofol. For each condition, we 
measured the number of fusion events in the growth cone of distal 
axons (Figure 5, B and C). The quantifications show that while short-
term propofol treatment affected synaptic vesicle release as ex-
pected, long-term propofol treatment exacerbated this outcome, 
consistent with the effect being caused by decreased kinesin-medi-
ated axonal transport.

These data support a model in which the overall fusion capacity 
at the presynapse is decreased due to a transport defect, causing a 
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decrease in synaptic vesicle fusion. Because propofol has many tar-
get proteins, and because of the complexity that underlies axonal 
vesicle fusion, other contributing factors cannot be ruled out. How-
ever, these results are the first evidence to suggest that a propofol-
mediated decrease in axonal transport may contribute significantly 
to decreased synaptic vesicle fusion in live neurons and that propo-
fol could plausibly alter physiological function during and after an-
esthesia by targeting kinesins.

DISCUSSION
The principal goal of this study was to determine whether propofol’s 
effect on kinesins impacts vesicle transport in live axons, an environ-
ment optimized for efficient vesicle transport. We found consistent 
attenuation of anterograde axonal transport mediated by Kinesin-1 
and Kinesin-3 family members. Moreover, this effect on vesicle traf-
ficking causes defects in cargo delivery to, and vesicle fusion at, the 
distal axon. These data are the first evidence that propofol alters 
neuronal vesicle transport and suggest that this interaction is an im-
portant physiological effect for anesthesia.

The complement of vesicle-associated kinesins only 
marginally exceeds resistant forces during vesicle transport
At first glance, it may seem counterintuitive that a modest reduction 
in the run length of individual kinesins can substantially impact intra-
cellular vesicle transport. Even in the presence of propofol, kinesin 
dissociation from a microtubule is a relatively rare event. Propofol 
effects on kinesins were characterized previously by measuring the 
translocation of single kinesin dimers where exposure to 10 µM pro-
pofol reduced the mean run length of a dimer ∼40%, from 1.0 to 
0.58 µm (Bensel et al., 2017), distances that correlate with 125 and 
72 processive 8 nm steps, respectively. In contrast, vesicle transport 
is thought to be mediated by multiple kinesins that are thought to 
provide redundancy in case any individual kinesin fails. However, 
such kinesin redundancy has not been tested experimentally. More-
over, the number of kinesins that bind a vesicle during transport and 
actively translocate along a microtubule is not clear, as such mea-
surements in cells are technically challenging.

The observation that propofol inhibits vesicle transport may 
give some insight into the composition of kinesin ensembles par-
ticipating in vesicle transport. To move a vesicle, a kinesin ensem-
ble must overcome forces that resist anterograde movement, that 
is, drag. This drag is the combination of various factors that include 
the viscosity of the cytoplasm, interactions of membrane proteins 
with other cellular components, resistant motor proteins such as 
dynein and myosin, and other factors. If the combined number of 
active kinesins produced forces far exceeding the resisting drag 
force on the vesicle, a modest decrease in each kinesin’s processiv-
ity would not impact vesicle transport. In this scenario, the loss of 
one or two kinesins would be compensated for by the remaining 
active motors.

However, our data are consistent with a model in which the num-
ber of engaged kinesins exceeds drag forces by only a relatively 
small margin as evidenced by two key findings. First, minimizing the 

force surplus may maximize the energy efficiency of transport by not 
having unneeded kinesins actively engaged in transport, but also 
makes transport vulnerable to even modest disruptions. In this sce-
nario, detachment of a small number of active kinesins—perhaps as 
few as two or three—would rapidly redistribute the load across the 
remaining kinesins and substantially impact a vesicle’s movement, 
resulting in decreased run lengths. The fact that propofol reduces 
vesicle run lengths strongly favors this interpretation. Second, a 
small force surplus model can also account for one key difference 
between in vitro analysis (Bensel et al., 2017) and neuronal vesicle 
transport: in single molecule experiments, kinesin velocity was not 
affected by propofol, whereas our experiments found a modest, yet 
consistent, decrease in vesicle velocity in propofol-treated cells. As 
the load on individual kinesins increases, there is a corresponding 
decrease in velocity (Svoboda and Block, 1994; Schnitzer et al., 
2000). We therefore speculate that the premature loss of even a few 
active kinesins on the vesicle would cause a considerable load in-
crease on the remaining kinesins, resulting in both a decrease in 
vesicle velocity and a reduction in overall run length.

Taken together, these data argue that vesicle transport is energy 
efficient, with little margin in active motors beyond what is neces-
sary to overcome resisting forces. Propofol may become a useful 
tool in future experiments to determine the force surplus for moving 
vesicles and how many kinesins are involved in each vesicle’s 
movement.

Propofol as an inhibitor of anterograde axonal transport
On the basis of our results, we speculate that propofol may broadly 
impact anterograde axonal transport. In this study, propofol af-
fected the transport of vesicles moved by members of the Kinesin-1 
and Kinesin-3 families. Previous work found that heterotrimeric KI-
F3AB and KIF3AC, members of the Kinesin-2 family, were affected 
similar to Kinesin-1, exhibiting substantially decreased run length in 
the presence of propofol (Bensel et al., 2017). The Kinesin-1, -2, 
and -3 families are thought to mediate most anterograde axonal 
vesicle transport (Hirokawa et al., 2009; Verhey et al., 2011; Bentley 
and Banker, 2016; Nabb et al., 2020), and together these families 
consist of 15 transport kinesins. Because representative members 
of these families have been found susceptible to propofol effects, 
propofol may impact most, if not all, anterograde axonal transport. 
While this study is focused on axons, neuronal dendrites can grow 
to up to 1 mm in length and also require kinesin-mediated vesicle 
transport for maintenance (Bentley and Banker, 2016; Radler et al., 
2020). Future studies will determine whether postsynaptic mainte-
nance and function are impacted by trafficking defects caused by 
propofol treatment.

The mechanism by which propofol binds Kinesin-1 was re-
cently defined (Woll et al., 2018; Dutta et al., 2021). Propofol 
binds at the kinesin neck linker when the leading head is bound 
to the microtubule in an ATP state (Woll et al., 2018). The kinesin 
motor domains that propofol binds are highly evolutionarily con-
served (Miki et al., 2005; Wickstead and Gull, 2006; Wickstead 
et al., 2010). This suggests the possibility that all members of the 

FIGURE 4: Propofol delays delivery of membrane proteins to the distal axon. (A) Schematic showing the experimental 
design. Twelve hours after transfection with NgCAM-Halo, neurons were incubated in JF646 dye to saturate existing 
NgCAM-Halo binding sites. After JF646 washout, NgCAM-Halo was treated with JF549 and fixed at the indicated time 
points. (B, C) Representative images of NgCAM-Halo labeled by JF549 (B) or JF646 (C) in the soma and distal axon of 
neurons, visualized and fixed at the indicated time points after JF646 saturation. Dotted lines indicate the areas from 
which intensity plot profiles were generated. Scale bars: 10 µm. (D, E) Quantification of JF549-labeled NgCAM-Halo at 
the Golgi (D) and the distal axon (E). (F) Quantification of the axon-to-Golgi JF549 ratio. (G) Golgi-to-axon ratio values 
plotted as a fraction of the maximal 12 h time point. P values: * < 0.05; *** < 0.001.
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Kinesin-1, -2, and -3 families are subject to propofol-mediated 
attenuation. It remains to be determined whether other kinesins, 
such as those that participate in mitosis or microtubule modifica-
tion, are similarly affected.

In contrast, we found that dynein-mediated retrograde transport 
is unaffected by propofol. The microtubule binding sites of dynein 
and kinesin overlap (Mizuno et al., 2004), but the structure and se-
quence of kinesin and dynein motor domains are structurally unre-
lated. This is consistent with the fact that dynein–microtubule inter-
actions do not form a propofol binding site in the same way that 
kinesin–microtubule interactions do.

Axonal transport defects and impacts on human health
Vesicle transport is crucial for maintaining axons. Ramon y Cajal 
(1928) recognized that axons that are disconnected from their cell 
bodies degenerate. Distal axons require constant delivery of pro-
tein and lipid material (Futerman and Banker, 1996). In cultured 
neurons, inhibition of post-Golgi vesicle formation and axonal de-
livery arrests axonal outgrowth and leads to eventual axonal retrac-
tion (Jareb and Banker, 1997). Even minor disruptions to kinesin-
mediated axonal transport could lead to neuronal defects. 
Consequently, a number of kinesin mutations are associated with 
neuronal diseases (Chevalier-Larsen and Holzbaur, 2006; Lo Giu-
dice et al., 2006; Adalbert and Coleman, 2013; Millecamps and 
Julien, 2013; Jennings et al., 2017; Dutta et al., 2018; Gabrych 
et al., 2019; Budaitis et al., 2021).

Propofol has a diverse array of cellular targets, including the 
GABAA receptor, voltage-gated ion channels, hyperpolarization-
activated cyclic nucleotide-regulated channels, and transient 
captor voltage channels (Eckenhoff and Tang, 2018; Hemmings 
et al., 2019). For these, complete propofol metabolization is 
thought to restore native function. Yet, side effects observed in 
patients may last beyond complete metabolization of propofol 

(Vasileiou et al., 2009; Hernandez et al., 2017; Eckenhoff and 
Tang, 2018). Effects on kinesins may differ from those on other 
targets because the capacity of axonal transport is limited. Re-
storing cargo levels in distal axons after prolonged propofol 
treatment may take significant time. Such delays could be even 
more pronounced in elderly patients, because axonal transport 
declines with age (Milde et al., 2015). The fact that elderly pa-
tients are more sensitive to propofol and its associated side ef-
fects is consistent with the model that kinesins are an important 
propofol target (Phillips et al., 2015; Hernandez et al., 2017). Fu-
ture experiments will determine the contribution of kinesin-re-
lated side effects caused by propofol in human patients. In any 
case, long-term propofol effects on kinesins are likely to pro-
foundly impact neuronal health and development.

MATERIALS AND METHODS
Cell culture
Primary hippocampal neurons were cultured following the Banker 
method (Kaech and Banker, 2006). E18 rat hippocampi were dis-
sected, trypsinized, dissociated, and plated onto 18 mm glass cov-
erslips coated with poly-l-lysine. Cultured neurons were grown in 
N2-supplemented MEM and maintained at 37°C with 5% CO2. Six 
to 10 DIV neurons were transfected with Lipofectamine 2000 
(Thermo Fisher).

Live imaging of axonal transport
Expression times were optimized for maximal labeling with each 
construct (Table 1; Halo-KIF5C: 4–5 h; KIF1A-GFP: 6–10 h; NgCAM-
Halo: 5–9 h).

Recordings were acquired with an Andor Dragonfly built on a 
Ti2 (Nikon) microscope with a CFI Apo 60× 1.49 NA objective 
(Nikon), two sCMOS cameras (Zyla 4.2, Andor), and total internal 
reflection fluorescence (TIRF) capability. The imaging stage, 

FIGURE 5: Propofol reduces VAMP2 exocytosis in axonal growth cones. (A) Schematic outlining the experimental 
design. Cells expressing VAMP2-pHluorin were treated with DMSO, 10 µM propofol for 1–5 min (brief propofol), or 
10 µM propofol for 5 h (prolonged propofol) before imaging. (B, C) Quantification of VAMP2-pHluorin exocytosis 
events. DMSO: 742 events in 13 growth cones; brief propofol: 703 events in 21 growth cones; prolonged propofol: 624 
events in 21 growth cones. (D) Representative images showing a single VAMP2-pHluorin exocytic event in an axonal 
growth cone. A bright exocytic flash appears in the second frame before diffusing rapidly. (E) Maximum-intensity 
projection from all frames recorded of the growth cone in D. Many exocytosis events occurred across the growth cone 
throughout recording. Scale bar: 2 µm. P values: * < 0.05; *** < 0.001.
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microscope objectives, and cell sample were kept at 37°C in a 
warmed enclosure (full lexan incubation ensemble; OkoLab). Z-
axis movement was controlled with Perfect Focus (Nikon). Live 
movies were recorded for 30 s at two frames per second. Cells 
were maintained in Hibernate E medium without phenol red 
(BrainBits) supplemented with B27 (ThermoFisher; Cat #A3582801) 
during imaging.

Axons were identified with anti-neurofascin antibody (Neuro-
Mab; Cat #75-027) conjugated to CF405 (Mix-n-Stain CF405S 
Antibody Labeling Kit; Biotum; Cat #92231) in the imaging medium. 
Cells expressing constructs with halotag were treated with 50 nM 
JF549 (Gross et al., 2013) for 10 min and washed with conditioned 
medium for 10 min before live imaging. After imaging transfected 
cells for the 0 min time point, 1 µl of DMSO (control) or 1 µl of 
10 mM propofol in DMSO was added to the imaging chamber on 
the microscope for a final propofol concentration of 10 µM. After a 
10 min incubation period, the cells were reimaged for the 10 min 
time point. All cells were imaged with minimal light and exposure to 
reduce fluorescence bleaching.

Transport analysis
Kymographs were generated with MetaMorph software (Molecular 
Devices). All analysis was performed by a single blinded analyst. 
Transport events were traced on the kymographs, and the coordi-
nates were exported to Microsoft Excel for analysis. Each continu-
ous line with a constant slope was scored as a single transport event, 
and its velocity, run length, and other parameters were calculated. A 
single vesicle could undergo multiple transport events if there was a 
distinct pause between each event.

For the run length and velocity histograms, all observations were 
combined into a single data set. Run length histograms were gener-
ated with 1 µm bins and fitted with an exponential decay curve to 
determine mean run length:

= +
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where A is the maximum amplitude and l is the mean run length 
reported as ±SEM. No observations with run lengths <2 µm were 
included in the analysis and are plotted on the graph because short 
events may not be microtubule-based transport. The number of run 
lengths <2 µm was calculated by the exponential decay fit. Because 
most events were ≤25 µm, those >25 µm were omitted from the 
histogram but included in calculating the fitted exponential. Veloc-
ity histograms were generated with 0.25 µm bins. The NgCAM and 
KIF5C data were fitted with a lognormal curve, but the KIF1A veloci-
ties fit into a Gaussian distribution. Between 17 and 33 cells were 
evaluated for each condition, including cells from at least two inde-
pendent cultures.

Cargo accumulation assay
Seven DIV neurons expressed NgCAM-Halo for 12 h and treated 
with 500 nM JF646 (Gross et al., 2013) to bind all of the folded 
NgCAM-Halo proteins. Cells were washed twice with conditioned 
N2 medium and incubated with medium containing DMSO or 
10 µM propofol. Cover slips were fixed with 4% paraformaldehyde 
at 1, 2, 4, 8, and 12 h after the JF646 washout. Fifteen minutes 
before fixation, neurons were treated with 500 nM JF549. Control 
cells (0 min) were not exposed to JF646 dye but incubated with 
JF549 at 12 h and fixed. Cover slips were imaged with an Axio 
Imager Z1 with a plan-apochromat 63× 1.4 NA objective and an 
Axiocam 506 mono EMCCD camera. Image analysis was per-
formed in ImageJ/Fiji and Excel. A region of interest was drawn 
around the Golgi and two to three axon terminals for each cell, 
and the 20% brightest pixels were identified and their mean inten-
sity determined.

Axonal vesicle fusion assay
Eight DIV neurons were transfected with VAMP2-pHluorin and solu-
ble tdTomato switched to medium containing 0.1% DMSO or 10 µM 
propofol. At 5–6 h after transfection, coverslips were transferred to 
the microscope. Neurons in the “Brief propofol” condition were 
treated with 10 µM propofol for ∼5 min before recording. Distal 
axon tips were identified by the tdTomato fill, and TIRF microscopy 
images of distal axon tips were recorded at 20 fps for 60 s. A single 
blinded analyst reviewed the entire data set consisting of recordings 
from all conditions and identified fusion events in axon tips. Fusion 
events were identified as individual, bright, emergent puncta that 
dissipated rapidly.

Statistical analyses
The p values reported in and referring to panels C and D of Figures 
1–3 were determined by Mann–Whitney (run length) or two-tailed 
Student’s t tests, equal variance (velocity) comparing 0 to 10 min in 
the condition for either DMSO or propofol. The p values reported in 
panels E and F of Figures 1–3 were determined by Wilcoxon 
matched-pairs signed rank test (run length) or paired t test (velocity) 
comparing 0 to 10 min in the condition for either DMSO or propo-
fol. The p values in Figure 4 were generated by one-way Brown–For-
sythe analysis of variance (ANOVA) and Dunnett’s post-hoc analysis 
test. The p values for Figure 5 were generated by one-way ANOVA 
and Tukey’s post-hoc analysis.
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