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Changes in neuropeptide large dense core vesicle
trafficking dynamics contribute to adaptive
responses to a systemic homeostatic challenge

Matthew K. Kirchner,1,2 Ferdinand Althammer,1,4 Kevin J. Donaldson,2,3 Daniel N. Cox,2,3 and Javier E. Stern1,2,5,*

SUMMARY

Neuropeptides are packed into large dense core vesicles (LDCVs) that are transported from the soma out
into their processes. Limited information exists regardingmechanisms regulating LDCV trafficking, partic-
ularly during challenges to bodily homeostasis. Addressing this gap, we used 2-photon imaging in an
ex vivo preparation to study LDCVs trafficking dynamics in vasopressin (VP) neurons, which traffic and
release neuropeptide from their dendrites and axons. We report a dynamic bidirectional trafficking of
VP-LDCVs with important differences in speed and directionality between axons and dendrites. Acute,
short-lasting stimuli known to alter VP firing activity and axonal/dendritic release causedmodest changes
in VP-LDCVs trafficking dynamics. Conversely, chronic/sustained systemic osmotic challenges upregu-
lated VP-LDCVs trafficking dynamic, with a larger effect in dendrites. These results support differential
regulation of dendritic and axonal LDCV trafficking, and that changes in trafficking dynamics constitute
a novelmechanismbywhich peptidergic neurons can efficiently adapt to conditions of increased hormonal
demand.

INTRODUCTION

A fundamental property of all neurons is the vesicular release of neurotransmitter or neuropeptide via action potential-triggered exocytosis.

These vesicles fall into two broad categories based on their appearance under electron microscopy: smaller clear core vesicles (CCVs), which

are typically packaged with classic neurotransmitters such as glutamate or acetylcholine, and large dense core vesicles (LDCVs) which usually

contain bigger molecules, particularly neuropeptides. Much of what is currently known about CNS neurotransmission, including neurotrans-

mitter synthesis, packaging, factors regulating their release, and mechanisms modulating synaptic strengths, originated from studies limited

to CCVs.1,2 Neurotransmitter signals within CCVs are loaded into synaptic terminals by neurotransmitter-specific vesicular transporters (such

as VGluT or VAchT).3 In contrast, LDCVs bud off at the trans-golgi and thus do not require vesicular transporter proteins.4 Thus, due to a lack of

peptide reuptakemachinery,5 neuropeptides must constantly be generated, packaged, and trafficked from the nucleus to the releasing sites,

constituting a critical process for the normal function of central neuropeptidergic neurons. Notably, however, and compared to CCVs, the

fundamental processes regulating LDCV biology, including trafficking dynamics, activity-dependent release, and replenishment following

sustained activation, remain largely understudied.

Oxytocin (OT) and vasopressin (VP) magnocellular neurosecretory cells (MNCs) located in the hypothalamic supraoptic (SON) and para-

ventricular (PVN) nuclei are considered classical examples of central neuropeptidergic neurons. These neurons’ axons bundle and project

ventrally through the median eminence into the posterior pituitary. In response to physiological challenges such as an increase in plasma

osmolality or during lactation,6–8 MNCs neuropeptide cargo is released into the systemic circulation in an action potential frequency- and

pattern-dependent manner.9–12

In addition to axonal transport and release, LDCVs containingOT and VP are also transported to proximal and distal dendrites, fromwhere

neuropeptides are released intranuclearly, to mediate autocrine, paracrine, and hormonal actions.13–15 Dendritic release of OT and VP is a

well-established phenomenon,13,14,16–19 demonstrated to play fundamental roles in helping coordinate and sustain the rhythmic activity of

these neurons in response to physiological demand.20,21 Notably, neuropeptide release from dendritic LDCVs can occur independently of

axonal release,19,22,23 and a growing body of evidence indicates that the mechanisms regulating dendritic release, including the necessity

of action potentials,24 the engagement of glutamate NMDA receptors (NMDARs),19,24 and the process of priming,18,22 differ significantly

from those regulating axonal release.25–27 While much of the work on dendritic release of OT and VP has focused on elucidating mechanisms
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that regulate the process of exocytosis, little is known about those implicated in vesicular trafficking from the nucleus to the farthest reaches of

MNC processes, including dendrites. This is functionally relevant for this system given that, as stated earlier, release of OT and VP into the

bloodstream to mediate actions at peripheral targets prevents these neurons from recycling vesicle product at the synapse, resulting in con-

stant demand for de novo peptide synthesis and trafficking.28,29 Thus, MNCs constitute an ideal central neuropeptidergic model to study

precise mechanisms regulating LDCV trafficking dynamics, particularly within dendritic compartments.

In this study, we performed high-resolution 2 photon imaging in hypothalamic slices obtained from a transgenic rat expressing EGFP teth-

ered to the C-terminal of VP.30 Thus, in this rat model EGFP is fused directly to VP and storedwithin the LDCVs, enabling visualization of LDCV

in both axonal and dendritic processes. Using this approach, we quantitatively assessed for the first time LDCV trafficking properties in axons

and dendrites of VP MNCs under basal conditions, in response to acute changes in neuronal activity, and following systemic physiological

challenges that imposed a chronic and sustained demand for VP activity and neuropeptide release.

RESULTS

Basal characteristics of VP-LDCV trafficking properties

LDCVs containing EGFP-VP were observed as fluorescent spherical puncta in all SON and PVN neuronal compartments including soma,

axons, and dendrites (Figure 1A, Video S1). A total number of 11,505 LDCVs in 68 processes from37 rats were analyzed in this study. In somata,

pools of LDCVs were visualized clustered around nuclei and, for the most part, they were inert (Figure 1B). LDCVs were readily observed in

processes, and their density varied highly between neurons (Figures 1C–1E). Compared to somata, LDCVs in axons and dendrites were often

very active, moving bidirectionally in an anterograde and retrograde manner.

To quantitatively assess LDCVsmovement, we targeted process segments visible in a single z-plane with a minimum length of 15 mm, con-

taining a high density of LDCVs (Figure 2A, Video S2). LDCVs had an average puncta diameter of 0.34G 0.004 mm (Figure 2B). No differences

were observed in the size of dendritic compared to axonal LDCVs. In both cases, LDCVs were found to travel both anterogradely and retro-

gradely, with the proportion of anterograde:retrograde movement directionality being significantly higher in axons compared to dendrites

Figure 1. Representative examples of VP-containing LDCVs in various neuronal compartments of SON and PVN EGFP-VP neurons

(A) 2-photon images showing EGFP-VP neurons in the entire SON (i) and PVN (ii) at 20x magnification with optic tract (ot) and 3rd ventricle (3V) as landmarks for

SON and PVN, respectively. Scale bars = 100 mm.

(B) Higher magnification image (40x) of the SON showing the distribution of EGFP-VP-LDCVs in the soma and processes. Scale bar = 10 mm.

(C) z stack projection of a single EGFP-VP neuron showing short dendrites without spines (arrows), contrasted with the narrow, long projecting axon (asterisk).

Scale bar = 25 mm.

(D) A cropped VP dendrite containing LDCVs at 60x magnification, where movement could be tracked. Soma is cropped to the left (asterisk). Scale bar = 2 mm.

(E) A cropped VP axon containing LDCVs at 60x magnification, where movement could be tracked. Scale bar = 1 mm.
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(Figure 2C; 64.2%G 3.4% [n = 5 processes] and 55%G 0.7% anterograde [n = 18 processes] for axons and dendrites, respectively, p < 0.001).

The mean basal speed of LDCVs movement in all processes was 0.19 G 0.001 mm/s, with a mean max speed of 0.37 G 0.004 mm/s. In many

cases, however, we observed LDCVs traveling at 1–1.5 mm/s. A detailed quantification of LDCVs movement under basal conditions for the

pooled LDCV data, as well as a breakdown based on morphological compartment (in axons vs. dendrites), and proximity to soma along

the dendrite (proximal dendrites [<15 mm from soma] vs. distal dendrites [>50 mm from soma]), is presented in Figure 2 and summarized

in Table 1. While we observed no difference in the mean speed between dendrites and axons (p > 0.05), the max LDCV speed was slower

in the former (p < 0.0001). Notably, LDCVs traveled significantly faster in distal when compared to proximal dendritic segments

(p < 0.0001 for both mean and max speed) (Figure 2D).

In addition to overall speed of movement, we also compared the distribution of LDCV mean speed traveling anterogradely versus retro-

gradely (Figure 2E). The distribution of LDCVs traveling anterograde versus retrograde was statistically significant in all comparisons except

for trafficking in distal dendrites (dendrites p < 0.0001; axons p < 0.0001; proximal dendrites p < 0.0001; distal dendrites p > 0.05). The mean

speed of LDCVs traveling anterograde compared to retrograde was faster in dendrites (p < 0.0001), while it was significantly slower in axons

(p < 0.0001). When examining a breakdown of proximal and distal dendrites, proximal dendrites showed faster anterograde speeds

Figure 2. Characterization of VP-LDCVs trafficking properties under basal conditions

(A) Single-frame image from a 2-photon time series capture of VP-LDCVmovement in an apical dendrite (top) and an axon (bottom) of a VP neuron, showing both

the raw image (left) and the Imaris analysis overlay (right). Scale bars: 2 mm.

(B) Violin plot showing the mean VP-LDCV diameter.

(C) Summary of directionality of all tracked LDCVs under baseline conditions. The incidence of LDCVs traveling anterogradely in axons is statistically higher than

that in dendrites (***p < 0.003, chi-squared test). Numbers below each group represent n values (LDCVs).

(D) Violin plots of mean (left) and max (right) speeds of VP-LDCVs. ****p < 0.0001, one way ANOVA, �Sidák multiple comparisons test.

(E) Mean speed density distribution of VP-LDCVs traveling in retrograde and anterograde direction. Numbers below each group represent n values (LDCVs).
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compared to retrograde (p < 0.0001) while there was no difference in mean directionality speed in distal dendrites (see Table 2 for full anter-

ograde vs. retrograde breakdown).

Kinetics of dendritic LDCV replenishment

Next, we evaluated the kinetics of dendritic LDCV replenishment. To this end, we used fluorescence recovery after photobleaching (FRAP).

Namely, we photobleached dendritic compartments for 30 s and thenmeasured the rate of LDCV recovery over time (Figures 3A and 3B). We

plotted LDCV spots/frame as normalized to baseline measurements (Figure 3C). The resulting curve could be confidently fit with a double

exponential (fast component: t = 1.89 G 0.2 s; amplitude = 0.41 G 0.03; slow component t = 77.2 G 70.9 s; amplitude = 1.2 G 0.8). This

indicates that dendritic LDCV replenishment occurs relatively rapidly, and that the observed trafficking activity reflected newly trafficked

LDCVs, rather than same LDCVs ‘‘patrolling’’ back and forth along the longitudinal axis of the dendrite.

Is basal LDCV trafficking regulated in an activity-dependent manner?

To determine to what extent LDCV trafficking in dendrites is dependent on the basal activity levels of VP neurons, we examined firsts whether

silencing the neurons would affect trafficking dynamics. As shown in Figure 4A (see also Table 3), we found than bath application of TTX (1 mM)

induced no significant changes in mean speed (p > 0.05). Conversely, the max speed decreased significantly (p < 0.0001). Additionally, traf-

ficking directionality (i.e., % anterograde travel) was not significant after TTX application (p > 0.05, n = 8 processes).

We next examinedwhether an acute increase in VP neuronal activity known to evoke dendritic release of VP affected LDCV trafficking prop-

erties. Glutamate is a key excitatory transmitter in SON neurons, and activation of both synaptic and extrasynaptic NMDARs has been shown

to promote spiking activity and evoke dendritic release of VP.19,24,31,32 We therefore evaluated the effects of an acute NMDA application on

LDCV trafficking properties. We found that bath application of NMDA (10 mM, 3–5 min) upregulated mean trafficking speed (p < 0.0001) and

max speed (p < 0.0001), without affecting trafficking directionality (p > 0.05, n = 9 processes) (Figure 4B; Table 3.)

VP neuronal activity and dendritic release of VP can also be stimulated and triggered by an acute osmotic stimulation.33,34 We therefore

tested whether a local osmotic challenge affected trafficking dynamics. We used a +20 mOsm challenge as it is physiologically relevant for

VP secretion and has been previously shown to increase VP release ex vivo.24,33 We found that increasing ACSF osmolality from 301 G 2 to

320G 3 mOsm (mannitol 0.2%, 3–5 min) failed to significantly alter LDCV trafficking mean speed, max speed, or directionality (p > 0.05, n = 5

processes) (Figures 4C; Table 3).

Chronic stimulation of VP neurons and their effect on LDCV trafficking properties

In addition to acute stimuli known to trigger exocytosis of readily releasable pools of VP-LDCVs, MNCs are plastic neurons whose activity

changes in response to systemic whole-body homeostatic challenges like dehydration and salt loading (SL).35–38 Acute stimuli reported earlier

Table 1. Basal properties of LDCV speeds

Group Dendrites Axons Proximal Dendrites Distal Dendrites

n 14 | 18 | 3088 4 | 4 | 449 11 | 15 | 2746 3 | 3 | 342

Mean Speed (mm/s) 0.19 G 0.001 0.16 G 0.004 0.20 G 0.002 0.23 G 0.004

Max Speed (mm/s) 0.37 G 0.004 0.42 G 0.012 0.35 G 0.004 0.56 G 0.011

Table 2. Basal speeds of anterograde and retrograde vesicles

Anterograde n Retrograde n unpaired t test (Ant vs. Ret)

Dendrites

Mean 0.20 G 0.003 1882 0.1839 G 0.003 1206 ****p < 0.0001

Max 0.35 G 0.009 0.44 G 0.01 ****p < 0.0001

Axons

Mean 0.14 G 0.005 268 0.20 G 0.007 181 ****p < 0.0001

Max 0.45 G 0.01 0.36 G 0.01 *p < 0.05

Proximal Dendrites

Mean 0.22 G 0.003 1647 0.18 G 0.003 1099 ****p < 0.0001

Max 0.35 G 0.01 0.42 G 0.01 ****p < 0.0001

Distal Dendrites

Mean 0.24 G 0.007 235 0.26 G 0.01 107 p > 0.05

Max 0.55 G 0.01 0.59 G 0.02 p > 0.05
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had a detectable yet modest effects on the trafficking properties of VP neurons; we therefore hypothesized that peptide trafficking could be

more robustly altered in response to long-term homeostatic challenges to the VP system.

We tested two discrete prolonged osmotic homeostatic challenges to VP MNCs: A 48-h water deprivation (WD) and a 7-day SL regiment

wherein normal drinking water was replaced with water containing 1%NaCl. These are widely usedmodels for studying the effects of chronic

osmotic challenge39–41 on the upregulation of VP synthesis and release,30,42–44 as well as on the downstream consequences on whole animal

physiology.45–47 Under both WD and SL challenges, the mean and max trafficking speeds increased significantly and robustly relative to con-

trols (p < 0.0001 in both cases Figures 5A and 5B, Video S3), in both dendrites and axons, demonstrating increases in speed between 42.6%

and 131.1% (Table 4). Notably, in dendrites (but not axons), SL evoked a more robust effect in both mean and max LDCV speed when

compared to WD (p < 0.001 for both parameters, Figures 5A and 5B). Furthermore, SL (but not WD) significantly increased the percentage

of anterograde LDCV travel in dendrites (p < 0.05) but not in axons (p > 0.05) (Figure 5C).

Finally, we plotted kernel density functions of anterograde and retrograde movement in the three experimental conditions (control, WD,

and SL) to evaluate the distribution of LDCV speeds. As shown in Figure 5D, the plots indicate that the LDCV mean speed distribution was

significantly different between anterograde and retrograde travel in control (p < 0.0001),WD (p < 0.01), and SL (p < 0.0001) cases, supporting a

higher speed in the anterograde direction. A full breakdownofmean andmax speeds comparing anterograde and retrogrademovement is in

Table 5.

DISCUSSION

In this study, we employed high-resolution 2-photon imaging in a transgenic EGFP-VP rat to characterize dynamic trafficking of LDCVs in

axons and dendrites of VP MNCs under basal conditions, as well as in response to acute and chronic challenges known to increase VP firing

activity and to evoke both systemic and dendritic release of VP. To the best of our knowledge, this constitutes the first study to monitor traf-

ficking dynamics of LDCV in VP neurons in real time, addressing adaptive changes in their dynamics in response to conditions of enhanced

hormonal demand.

Highly dynamic trafficking of VP-LDCVs in axons and dendrites under basal conditions

Our approach allowed us to readily identify VP-containing LDCVs in dendrites and axons of VP MNCs and quantitatively assess velocity and

directionality of their trafficking in these different neuronal compartments. We found that VP-LDCVs in both axons and dendrites displayed

rapid movements in both anterograde and retrograde directions. Notably, we found important differences in directionality and velocity be-

tween axons and dendrites, as well as different dendritic segments (i.e., proximal vs. distal). For example, the max velocity was slower in den-

drites compared to axons, whereas both the mean and max trafficking velocities were faster in distal compared to proximal dendritic

Figure 3. VP-LDCV trafficking kinetics following fluorescence recovery after photobleaching (FRAP)

(A) Diagrammatic depiction of protocol used for FRAP.

(B) Image of a dendrite undergoing the FRAP protocol showing baseline prior to photobleaching (i), immediately after photobleaching (ii), 15 s after

photobleaching (iii), and 60 s after photobleaching (iv), when LDCV recovery has plateaued. Scale bar = 5 mm.

(C) Plot of mean spots/frame normalized to the average of the baseline (n = 5 dendrites). The recovery curve was confidently fit to a double exponential (red line,

tfast = 1.89 G 0.2s and tslow = 77.2 G 70.9s).
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segments. In dendrites, anterograde trafficking displayed faster velocities compared to retrograde trafficking whereas the opposite was true

for axons. Distal dendrites anterograde vs. retrograde speeds were statistically insignificant.

Trafficking of LDCVs in dendrites did not display a directionality preference, with approximately half traveling in the anterograde and the

other half in retrograde directions. While anterograde traveling was significantly higher in axons, the percentage of those traveling retro-

gradely was still high (�35%) compared to other neuronal types.48–50 While we currently lack an explanation for this, we need to consider

Figure 4. Changes in VP-LDCV trafficking dynamics in response to acute changes in VP neuronal activity

(A–C) Plots of dendritic LDCV mean speed (left), max speed (middle), and incidence of anterograde travel (right) under basal conditions and in response to (A)

TTX (1 mM), (B) NMDA (10 mM), and (C) Mannitol (0.2%). Numbers at the top center of each panel represent n values (animals | dendrites | LDCVs). %Anterograde

travel individual points represent 1 process. ****p < 0.0001, unpaired t test (Mean and Max vesicle speed), paired t test (%Anterograde Travel).

Table 3. Speeds of LDCVs affected by acute challenges in dendrites

Group Control TTX %D p values

n 6 | 8 | 1392 6 | 8 | 1527

Mean Speed (mm/s) 0.24 G 0.003 0.24 G 0.002 0.50% p > 0.05

Max Speed (mm/s) 0.63 G 0.003 0.57 G 0.007 �9.60% ****p < 0.0001

Control NMDA %D p values

n 5 | 9 | 474 5 | 9 | 598

Mean Speed (mm/s) 0.18 G 0.01 0.25 G 0.004 38.90% ****p < 0.0001

Max Speed (mm/s) 0.60 G 0.03 0.75 G 0.02 25.00% ****p < 0.0001

Control Mannitol %D p values

n 4 | 5 | 192 4 | 5 | 214

Mean Speed (mm/s) 0.26 G 0.01 0.24 G 0.01 �7.70% p > 0.05

Max Speed (mm/s) 0.76 G 0.04 0.83 G 0.05 9.21% p > 0.05
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that, in the slice preparation, axons are cut off from their terminals at the posterior pituitary; thus, vesicles simply may switch direction when

reaching a dead end.51 Nonetheless, retrograde traveling has also been reported in intact axons both in vivo and cell culture conditions.48,50,52

The continuous abundant trafficking of LDCVs in VP MNCs stands as a possible mechanism by which neurons ensure resupply of neuro-

peptide to active sites of release, both at axonal terminals and dendrites. In addition to classical axonal release of VP into the peripheral cir-

culatory system, VP neurons also release their LDCV cargo content from somatodendritic compartments, playing an important role in intra-

hypothalamic communication. Multiple studies demonstrate these diverse modes of release can be regulated independently and subserve

different functional roles.13,15,17,24 Still, whether compartment-specific differences in cargo trafficking properties, and/or their modulation by

physiologically relevant challenges, existed in VP neurons remained until now unknown. Thus, in this context, our reported differences in

LDCV trafficking behavior between dendrites and axons further support the importance of compartment-specific regulation of neuropeptide

dynamics in VP MNCs.

A similar highly dynamic bidirectional trafficking of LDCVs was previously shown in other neuronal types (e.g., Neuropeptide Y LDCVs),

both in cell cultures and in vivo.48,50,52 This likely represents the presence of microtubules with mixed polarity53 and an assortment of motor

proteins in the processes of VP neurons traveling at various speeds.

Compared to previous reports in other neurons, the trafficking speeds reported in our studies were slower, but still within the range pre-

viously reported (from 0.7 to 1.5 mm/s).48,51,52,54,55 Several factors could contribute to these differences in basal velocities. Firstly, almost all

previous studies were performed either in cell cultures54,55 or in vivo in mice52 or drosophila.51 Thus, it is possible that trafficking kinetics are

Figure 5. Changes in VP-LDCV trafficking dynamics in response to chronic osmotic challenges

(A) Violin plots of mean LDCV speed in dendrites (left) and axons (right) under euhydrated control conditions, 48 h of water deprivation (WD), and 7 days salt

loading (SL). ***p < 0.0001, One Way ANOVA, �Sidák multiple comparisons test.

(B) Violin plots of max LDCV speed in dendrites (left) and axons (right) under euhydrated control conditions, 48 h of water deprivation (WD), and 7 days salt

loading (SL). Max LDCV speed of dendrites (left) and axons (right) compared under control conditions, WD, and SL. ***p < 0.0001, One Way ANOVA, �Sidák

multiple comparisons test.

(C) Summary of directionality of all tracked LDCVs under control euhydrated conditions, WD, and SL in dendrites and axons (**p < 0.01, two-way ANOVA). The

only within-groups difference was between control and SL dendrites (*p < 0.05, �Sidák multiple comparisons test). Numbers below each group represent n values

(processes).

(D) Kernel density distributions of mean speed of VP-LDCV anterograde vs. retrograde traveling in control euhydrated, WD, and SL conditions from dendrites

(left) and axons (right). Numbers in each plot represent n values, color coded to correspond to experimental group (LDCVs).
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different in an acute slice preparation, even though our recordings were obtained close to physiological temperatures. This limitation should

be acknowledged, as temperature is a factor that critically affects various processes’ kinetics. Nonetheless, the slice offers the advantage of

spatiotemporal resolution, stable imaging, and a paradigm in which much of the other work in VP neuron physiology can be more directly

compared to. Particularly, it is an approach that retains ex vivo adaptive remodeling of the system (synaptic plasticity, firing properties,

ion channel function, etc.) in response to in vivo challenges (e.g., chronic osmotic stimulation, lactation, pregnancy).24,56–61 Another important

difference is that we found LDCVs in VP neurons to be larger (�300 nm) compared to those previously reported in similar studies.52,62,63 Still,

whether larger LDCVs may also contribute to slower speeds is currently unknown. Lastly, LDCVs in VP neurons are densely packed and ubiq-

uitous, as they are the primary vesicle product of these neurons, containing approximately 85,000 molecules/vesicle of the VP peptide.26,64

This contrasts with cortical or CA1 pyramidal neurons which primarily package and release smaller CCVs containing glutamate.65 Thus, the

larger size and higher density of LDCVs may also contribute to the lower LDCV speeds observed in VP MNCs.

Finally, we wanted to address to what extent the basal velocity and/or directionality of VP-LDCV trafficking was activity dependent. We

found that blocking action potential firing with TTX did not affect directionality and only slightly (though significantly, �10%) diminished

the max speed of travel. This would suggest that the basal dynamics of LDCVs trafficking in VP neurons are largely independent of the basal

degree of VP neuronal activity. This observation aligns with previous studies showing that dendritic release can occur independently of action

potentials.23,24,66 In addition, it is possible that the lack of TTX effect may reflect a low level of basal activity of VP neurons in the slice prep-

aration compared to in vivo.

We acknowledge that in some cases, as previously reported in other cells,51,52 we observed LDCVs that would change direction or freeze

mid-trajectory, which were not included in our analysis. Given, however, the large volume of vesicles analyzed, excluding these likely had a

minor impact on the overall data reported. Nonetheless, this further supports the complexity and dynamic nature of LDCV trafficking in VP

neurons.

VP-LDCVs speeds are scarcely modulated by acute, transient increases in firing activity but accelerate under chronic

sustained challenges such as WD and SL

A critical question regarding LDCV trafficking in general is whether and how this phenomenon is regulated. In the case of VP neurons, we

wanted to specifically address whether conditions andmechanisms that increase VP neuronal activity and dendritic/axonal release of the neu-

ropeptide are accompanied by changes in VP-LDCV dynamics. Transient activation of glutamate NMDARs and an acute hyperosmotic stim-

ulation are both known to increase the firing activity of VP neurons.31,35,36,67–69 However, we recently showed that NMDAR-evoked firing, even

for the same number or frequency of action potentials, evoked a much more robust dendritic release of VP.24 In line with these previous find-

ings, we report here that bath-applied NMDA significantly increased dendritic VP-LDCV mean and max trafficking velocities (�40% and

�25%, respectively, p < 0.001). Conversely, an acute increase of 20 mOsm in the ACSF (mannitol 0.2%), an approach previously shown to in-

crease VP firing activity,34,68 as well as dendritic release of VP19,24 in the slice preparation failed to affect VP-LDCV velocities. Neither NMDA

nor mannitol affected VP-LDCV trafficking directionality. Thus, these results suggest that an acute increase in the demands for dendritic

release of VP could be sufficient to engage changes in dendritic VP-LDCV trafficking. To further explore this, rats were subjected to two

discrete prolonged osmotic demands for VP hormone release, namely a 48 h WD and 7 days of 1% SL. Both these challenges are well char-

acterized, and while both lead to an increase in plasma osmolality and VP synthesis and release,70–72 SL has been reported to induce more

pronounced changes in these parameters, compared to WD.46 Moreover, it is important to highlight that numerous previous studies have

shown that adaptive remodeling of the system in response to in vivo challenges (e.g., chronic osmotic stimulation, lactation, pregnancy) is

still reflected in the ex vivo slice preparation (e.g., synaptic plasticity, firing properties, intrinsic properties, ion channel functioning,

etc.),24,56–61 further supporting that the slice preparation, despite its limitations (like any other approach) is an efficient model to study adap-

tive changes in the magnocellular system in response to systemic physiological changes. We found that VP-LDCV trafficking robustly

Table 4. Basal speeds of LDCVs affected by chronic challenges in dendrites and axons

Dendrites Axons

n Mean speed (mm/s) %D p value n Mean speed (mm/s) %D p value

Control 14 | 18 | 3088 0.188 G 0.001 – 4 | 4 | 449 0.164 G 0.004 –

WD 3 | 9 | 1628 0.29 G 0.003 54.2% ****p < 0.0001 3 | 3 | 382 0.34 G 0.005 111.6% ****p < 0.0001

SL 3 | 8 | 755 0.323 G 0.005 71.8% ****p < 0.0001 3 | 4 | 261 0.33 G 0.009 107.3% ****p < 0.0001

WD:SL %D – – 11.4% ****p < 0.0001 – – �2.0% ****p < 0.0001

Max speed (mm/s) %D Max speed (mm/s) %D

Control 0.367 G 0.004 – 0.424 G 0.004 –

WD 0.72 G 0.006 96.2% ****p < 0.0001 0.861 G 0.01 103.1% ****p < 0.0001

SL 0.848 G 0.01 131.1% ****p < 0.0001 0.9369 G 0.03 121.0% ****p < 0.0001

WD:SL %D – – 17.8% ****p < 0.0001 – – 8.8% p > 0.05
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upregulated under these prolonged osmotic challenges, and that in dendrites (but not axons) larger effects were observed in SL compared to

WD rats. Thus, we found both themean andmax dendritic and axonal speeds to be significantly increased inWDand SL, but only in dendrites

did SL evoke significantly larger effects thanWD. Notably, changes in directionality (i.e., higher proportion of anterogradely traveling LDCVs)

were observed only in dendrites, and only in response to SL. Finally, changes in VP-LDCV trafficking dynamics in response to chronic osmotic

stimulation were much more pronounced compared to acute increases in VP activity/release (e.g., a max speed increase of 25% after acute

NMDA versus 96% and 131% increase in WD or SL, respectively, compared to baseline). The molecular mechanisms by which an increased

hormonal demand can result in changes in VP-LDCV trafficking dynamics are at present unknown. Work from different laboratories over the

past decades has clearly demonstrated that systemic VP release is dependent on the degree and pattern of firing activity of these neurons,9–11

both of which are also dependent on the osmotic state of the animal.73,74 Moreover, abundant data support a high degree of activity and

release of VP both in water-deprived and salt-loaded rats.43,44,75,76 While we did not measure simultaneous LDCV dynamics and VP release,

based on the wealth of previous studies we can confidently state that the increased velocity of LDCV under sustained osmotic stimulation

correlates with an increased activity and release of VP in the system.

Additionally, a recent study showed that microtubule density is upregulated in VP neurons after SL, supporting a contribution of micro-

tubules to the osmotic response.77 This restructuring and expansion of themicrotubule network could provide further avenues for active trans-

port, accounting, at least in part, for the upregulated LDCV transport kinetics that we report in this study. Another possibility is that micro-

tubule-mediated transport is known to be regulated through post-translational modifications of tubulins or motor proteins.52,78–82 This could

reflect the presence of several post-translationalmodifications tomicrotubules, allowing for a wide variety of active transport properties, func-

tions, and destinies for trafficked LDCVs.81,82 Still, whether this mechanism contributes to upregulating VP-LDCV trafficking during osmotic

challenges remains to be determined.

Table 5. Speeds of anterograde and retrograde vesicles affected by chronic challenges

n Anterograde (mm/s) n Retrograde (mm/s) p values (Ant vs. Ret) p values (Between groups)

Dendrites (Mean Speed)

Control 1882 0.20 G 0.003 1206 0.1839 G 0.003 ****p < 0.0001 C v. WD Antero: ****p < 0.0001

WD 981 0.29 G 0.004 647 0.29 G 0.004 p > 0.05 C v. SD Antero: ****p < 0.0001

SL 485 0.32 G 0.006 270 0.27 G 0.006 ****p < 0.0001 WD v. SD Antero: ****p < 0.0001

C v. WD Retro: ****p < 0.0001

C v. SD Retro: ****p < 0.0001

WD v. SD Retro: p > 0.05

Dendrites (Max Speed)

Control 1882 0.35 G 0.009 1206 0.44 G 0.01 ****p < 0.0001 C v. WD Antero: ****p < 0.0001

WD 981 0.73 G 0.009 647 0.71 G 0.01 p > 0.05 C v. SD Antero: ****p < 0.0001

SL 485 0.80 G 0.01 270 0.83 G 0.02 p > 0.05 WD v. SD Antero: ****p < 0.0001

C v. WD Retro: ****p < 0.0001

C v. SD Retro: ****p < 0.0001

WD v. SD Retro: ****p < 0.0001

Axons (Mean Speed)

Control 268 0.14 G 0.005 181 0.20 G 0.007 ****p < 0.0001 C v. WD Antero: ****p < 0.0001

WD 233 0.35 G 0.007 149 0.35 G 0.008 p > 0.05 C v. SD Antero: ****p < 0.0001

SL 205 0.35 G 0.01 56 0.27 G 0.01 ***p < 0.001 WD v. SD Antero: p > 0.05

C v. WD Retro: ****p < 0.0001

C v. SD Retro: ****p < 0.0001

WD v. SD Retro: p > 0.05

Axons (Max Speed)

Control 268 0.45 G 0.01 181 0.36 G 0.01 *p < 0.05 C v. WD Antero: ****p < 0.0001

WD 233 0.86 G 0.01 149 0.87 G 0.02 p > 0.05 C v. SD Antero: ****p < 0.0001

SL 205 0.98 G 0.03 56 0.78 G 0.04 **p < 0.01 WD v. SD Antero: ****p < 0.0001

C v. WD Retro: ****p < 0.0001

C v. SD Retro: ****p < 0.0001

WD v. SD Retro: p > 0.05
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Together, these results support the notion that in response to conditions of increased hormonal demand, VP neurons upregulate LDCV

trafficking both in dendrites and axons to maintain appropriate levels of readily releasable pools of neuropeptide during states of increased

demands, particularly during prolonged stimulation. A large body of evidence showed that, under these challenging conditions, the magno-

cellular neurosecretory system experiences a phenomenal degree of structural/functional plasticity, including adoption of specific firing pat-

terns,74,83,84 changes in the neuronal-glial-vascular microenvironment,38,57,85 and transcriptomic changes as well,46,86 all of which are neces-

sary for the optimal facilitation of hormone release and reestablishment of fluid/electrolyte homeostasis. Results from the present study

suggest that adaptive changes in LDCV trafficking dynamics constitute another important factor contributing to the overall VP adaptive re-

sponses to cope with systemic challenges to homeostasis.

Limitations of the study

Onlymale subjects were used in this study; thus, the influence of sex on the results of the study cannot be determined. Furthermore, this study

was performed using an acute slice preparation of the neurons. Trafficking properties observed in this preparation may not reflect kinetics as

they exist in vivo.
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29. Kim, T., Gondré-Lewis, M.C., Arnaoutova, I.,
and Loh, Y.P. (2006). Dense-core secretory
granule biogenesis. Physiology 21, 124–133.
https://doi.org/10.1152/physiol.
00043.2005.

30. Ueta, Y., Fujihara, H., Serino, R., Dayanithi,
G., Ozawa, H., Matsuda, K.i., Kawata, M.,
Yamada, J., Ueno, S., Fukuda, A., and
Murphy, D. (2005). Transgenic expression of
enhanced green fluorescent protein
enables direct visualization for physiological
studies of vasopressin neurons and isolated
nerve terminals of the rat. Endocrinology
146, 406–413. https://doi.org/10.1210/en.
2004-0830.

31. Nissen, R., Hu, B., and Renaud, L.P. (1995).
Regulation of spontaneous phasic firing of
rat supraoptic vasopressin neurones in vivo
by glutamate receptors. J. Physiol. 484,
415–424.

32. Oliet, S.H., and Bourque, C.W. (1992).
Properties of supraoptic magnocellular

neurones isolated from the adult rat.
J. Physiol. 455, 291–306.

33. Oliet, S.H., and Bourque, C.W. (1993).
Mechanosensitive channels transduce
osmosensitivity in supraoptic neurons.
Nature 364, 341–343. https://doi.org/10.
1038/364341a0.

34. Kusano, K., House, S.B., and Gainer, H.
(1999). Effects of Osmotic Pressure and
Brain-Derived Neurotrophic Factor on the
Survival of Postnatal Hypothalamic
Oxytocinergic and Vasopressinergic
Neurons in Dissociated Cell Culture.
J. Neuroendocrinol. 11, 145–152. https://
doi.org/10.1046/j.1365-2826.1999.00296.x.

35. Leng, G., Brown, C.H., Bull, P.M., Brown, D.,
Scullion, S., Currie, J., Blackburn-Munro,
R.E., Feng, J., Onaka, T., Verbalis, J.G., et al.
(2001). Responses of magnocellular neurons
to osmotic stimulation involves coactivation
of excitatory and inhibitory input: an
experimental and theoretical analysis.
J. Neurosci. 21, 6967–6977. https://doi.org/
10.1523/JNEUROSCI.21-17-06967.2001.

36. Kawasaki, M., Yamaguchi, K., Saito, J.,
Ozaki, Y., Mera, T., Hashimoto, H., Fujihara,
H., Okimoto, N., Ohnishi, H., Nakamura, T.,
and Ueta, Y. (2005). Expression of
immediate early genes and vasopressin
heteronuclear RNA in the paraventricular
and supraoptic nuclei of rats after acute
osmotic stimulus. J. Neuroendocrinol. 17,
227–237. https://doi.org/10.1111/j.1365-
2826.2005.01297.x.

37. Fujio, T., Fujihara, H., Shibata, M., Yamada,
S., Onaka, T., Tanaka, K., Morita, H.,
Dayanithi, G., Kawata, M., Murphy, D., and
Ueta, Y. (2006). Exaggerated Response of
Arginine Vasopressin-Enhanced Green
Fluorescent Protein Fusion Gene to Salt
Loading without Disturbance of Body Fluid
Homeostasis in Rats. J. Neuroendocrinol.
18, 776–785. https://doi.org/10.1111/j.1365-
2826.2006.01476.x.

38. Roy, R.K., Althammer, F., Seymour, A.J., Du,
W., Biancardi, V.C., Hamm, J.P., Filosa, J.A.,
Brown, C.H., and Stern, J.E. (2021). Inverse
neurovascular coupling contributes to
positive feedback excitation of vasopressin
neurons during a systemic homeostatic
challenge. Cell Rep. 37, 109925. https://doi.
org/10.1016/j.celrep.2021.109925.

39. Neupane, C., Sharma, R., Pai, Y.H., Lee, S.Y.,
Jeon, B.H., Kim, H.-W., Stern, J.E., and Park,
J.B. (2021). High Salt Intake Recruits Tonic
Activation of NR2D Subunit-Containing
Extrasynaptic NMDARs in Vasopressin
Neurons. J. Neurosci. 41, 1145–1156.
https://doi.org/10.1523/JNEUROSCI.1742-
20.2020.

40. Satoh, K., Oti, T., Katoh, A., Ueta, Y., Morris,
J.F., Sakamoto, T., and Sakamoto, H. (2015).
In vivo processing and release into the
circulation of GFP fusion protein in arginine
vasopressin enhanced GFP transgenic rats:
response to osmotic stimulation. FEBS J.
282, 2488–2499. https://doi.org/10.1111/
febs.13291.

41. Antunes-Rodrigues, J., Ruginsk, S.G.,
Mecawi, A.S., Margatho, L.O., Reis, W.L.,
Ventura, R.R., da Silva, A.L., Vilhena-Franco,
T., and Elias, L.L.K. (2014).
Neuroendocrinology of Hydromineral
Homeostasis. In Neurobiology of Body Fluid
Homeostasis: Transduction and Integration
Frontiers in Neuroscience, L.A. De Luca, J.V.
Menani, and A.K. Johnson, eds. (CRC Press/
Taylor & Francis).

ll
OPEN ACCESS

iScience 26, 108243, November 17, 2023 11

iScience
Article

https://doi.org/10.1111/head.13084
https://doi.org/10.1111/head.13084
https://doi.org/10.1007/BF00248916
https://doi.org/10.1152/ajpregu.1987.252.5.R889
https://doi.org/10.1152/ajpregu.1987.252.5.R889
https://doi.org/10.1016/S0301-0082(98)00072-0
https://doi.org/10.1016/S0301-0082(98)00072-0
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref9
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref9
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref9
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref9
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref10
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref10
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref10
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref10
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref11
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref11
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref11
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref11
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref11
https://doi.org/10.1113/jphysiol.2007.145755
https://doi.org/10.1113/jphysiol.2007.145755
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref13
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref13
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref13
https://doi.org/10.1038/nrn1845
https://doi.org/10.1111/jne.12856
https://doi.org/10.1111/jne.12856
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref16
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref16
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref16
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref16
https://doi.org/10.1038/nature00822
https://doi.org/10.1038/nature00822
https://doi.org/10.1371/journal.pone.0025366
https://doi.org/10.1371/journal.pone.0025366
https://doi.org/10.1016/j.neuron.2013.04.025
https://doi.org/10.1016/j.neuron.2013.04.025
https://doi.org/10.1210/endo.143.2.8643
https://doi.org/10.1111/j.1469-7793.1998.699ba.x
https://doi.org/10.1111/j.1469-7793.1998.699ba.x
https://doi.org/10.1111/j.1460-9568.2004.03388.x
https://doi.org/10.1111/j.1460-9568.2004.03388.x
https://doi.org/10.1523/JNEUROSCI.23-32-10351.2003
https://doi.org/10.1523/JNEUROSCI.23-32-10351.2003
https://doi.org/10.1523/JNEUROSCI.23-32-10351.2003
https://doi.org/10.1113/JP277167
https://doi.org/10.1113/JP277167
https://doi.org/10.1016/j.ceca.2012.01.008
https://doi.org/10.1016/j.ceca.2012.01.008
https://doi.org/10.1113/jphysiol.2008.159103
https://doi.org/10.1113/jphysiol.2008.159103
https://doi.org/10.1002/cphy.c150053
https://doi.org/10.1002/cphy.c150053
https://doi.org/10.1073/pnas.1714610115
https://doi.org/10.1073/pnas.1714610115
https://doi.org/10.1152/physiol.00043.2005
https://doi.org/10.1152/physiol.00043.2005
https://doi.org/10.1210/en.2004-0830
https://doi.org/10.1210/en.2004-0830
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref31
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref31
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref31
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref31
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref31
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref32
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref32
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref32
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref32
https://doi.org/10.1038/364341a0
https://doi.org/10.1038/364341a0
https://doi.org/10.1046/j.1365-2826.1999.00296.x
https://doi.org/10.1046/j.1365-2826.1999.00296.x
https://doi.org/10.1523/JNEUROSCI.21-17-06967.2001
https://doi.org/10.1523/JNEUROSCI.21-17-06967.2001
https://doi.org/10.1111/j.1365-2826.2005.01297.x
https://doi.org/10.1111/j.1365-2826.2005.01297.x
https://doi.org/10.1111/j.1365-2826.2006.01476.x
https://doi.org/10.1111/j.1365-2826.2006.01476.x
https://doi.org/10.1016/j.celrep.2021.109925
https://doi.org/10.1016/j.celrep.2021.109925
https://doi.org/10.1523/JNEUROSCI.1742-20.2020
https://doi.org/10.1523/JNEUROSCI.1742-20.2020
https://doi.org/10.1111/febs.13291
https://doi.org/10.1111/febs.13291
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41
http://refhub.elsevier.com/S2589-0042(23)02320-9/sref41


42. Di, S., Jiang, Z., Wang, S., Harrison, L.M.,
Castro-Echeverry, E., Stuart, T.C., Wolf,
M.E., and Tasker, J.G. (2019). Labile
Calcium-Permeable AMPA Receptors
Constitute New Glutamate Synapses
Formed in Hypothalamic Neuroendocrine
Cells during Salt Loading. eNeuro 6,
ENEURO.0112-0119.2019. https://doi.org/
10.1523/ENEURO.0112-19.2019.

43. Levi, D.I., Wyrosdic, J.C., Hicks, A.-I.,
Andrade, M.A., Toney, G.M., Prager-
Khoutorsky, M., and Bourque, C.W. (2021).
High dietary salt amplifies
osmoresponsiveness in vasopressin-
releasing neurons. Cell Rep. 34, 108866.
https://doi.org/10.1016/j.celrep.2021.
108866.

44. Morita, M., Kita, Y., and Notsu, Y. (2001).
Mechanism of AVP release and synthesis in
chronic salt-loaded rats. J. Pharm.
Pharmacol. 53, 1703–1709. https://doi.org/
10.1211/0022357011778106.

45. Yoshimura, M., Ohkubo, J., Katoh, A., Ohno,
M., Ishikura, T., Kakuma, T., Yoshimatsu, H.,
Murphy, D., and Ueta, Y. (2013). A c-fos-
monomeric red fluorescent protein 1 fusion
transgene is differentially expressed in rat
forebrain and brainstem after chronic
dehydration and rehydration.
J. Neuroendocrinol. 25, 478–487. https://
doi.org/10.1111/jne.12022.

46. Greenwood, M.P., Mecawi, A.S., Hoe, S.Z.,
Mustafa, M.R., Johnson, K.R., Al-Mahmoud,
G.A., Elias, L.L.K., Paton, J.F.R., Antunes-
Rodrigues, J., Gainer, H., et al. (2015). A
comparison of physiological and
transcriptome responses to water
deprivation and salt loading in the rat
supraoptic nucleus. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 308, R559–R568.
https://doi.org/10.1152/ajpregu.
00444.2014.

47. da Silveira, L.T.G., Junta, C.M., Monesi, N.,
de Oliveira-Pelegrin, G.R., Passos, G.A., and
Rocha, M.J.A. (2007). Time course of c-fos,
vasopressin and oxytocin mRNA expression
in the hypothalamus following long-term
dehydration. Cell. Mol. Neurobiol. 27,
575–584. https://doi.org/10.1007/s10571-
007-9144-2.

48. de Wit, J., Toonen, R.F., Verhaagen, J., and
Verhage, M. (2006). Vesicular trafficking of
semaphorin 3A is activity-dependent and
differs between axons and dendrites. Traffic
7, 1060–1077. https://doi.org/10.1111/j.
1600-0854.2006.00442.x.

49. Park, J.J., Cawley, N.X., and Loh, Y.P. (2008).
A bi-directional carboxypeptidase E-driven
transport mechanism controls BDNF vesicle
homeostasis in hippocampal neurons. Mol.
Cell. Neurosci. 39, 63–73. https://doi.org/
10.1016/j.mcn.2008.05.016.

50. de Jong, E.K., Vinet, J., Stanulovic, V.S.,
Meijer, M., Wesseling, E., Sjollema, K.,
Boddeke, H.W.G.M., and Biber, K. (2008).
Expression, transport, and axonal sorting of
neuronal CCL21 in large dense-core
vesicles. Faseb. J. 22, 4136–4145. https://
doi.org/10.1096/fj.07-101907.

51. Wong, M.Y., Zhou, C., Shakiryanova, D.,
Lloyd, T.E., Deitcher, D.L., and Levitan, E.S.
(2012). Neuropeptide delivery to synapses
by long-range vesicle circulation and
sporadic capture. Cell 148, 1029–1038.
https://doi.org/10.1016/j.cell.2011.12.036.

52. Knabbe, J., Nassal, J.P., Verhage, M., and
Kuner, T. (2018). Secretory vesicle trafficking
in awake and anaesthetized mice:
differential speeds in axons versus synapses.

J. Physiol. 596, 3759–3773. https://doi.org/
10.1113/JP276022.

53. Rolls, M.M. (2022). Principles of microtubule
polarity in linear cells. Dev. Biol. 483,
112–117. https://doi.org/10.1016/j.ydbio.
2022.01.004.

54. Bittins, C.M., Eichler, T.W., Hammer, J.A.,
and Gerdes, H.-H. (2010). Dominant-
negative myosin Va impairs retrograde but
not anterograde axonal transport of large
dense core vesicles. Cell. Mol. Neurobiol.
30, 369–379. https://doi.org/10.1007/
s10571-009-9459-2.

55. Kwinter, D.M., Lo, K., Mafi, P., and
Silverman, M.A. (2009). Dynactin regulates
bidirectional transport of dense-core
vesicles in the axon and dendrites of
cultured hippocampal neurons.
Neuroscience 162, 1001–1010. https://doi.
org/10.1016/j.neuroscience.2009.05.038.

56. Stern, J.E., Hestrin, S., and Armstrong, W.E.
(2000). Enhanced neurotransmitter release
at glutamatergic synapses on oxytocin
neurones during lactation in the rat.
J. Physiol. (Lond.) 526, 109–114.

57. Oliet, S.H., Piet, R., and Poulain, D.A. (2001).
Control of glutamate clearance and synaptic
efficacy by glial coverage of neurons.
Science 292, 923–926. https://doi.org/10.
1126/science.1059162.

58. Teruyama, R., Lipschitz, D.L., Wang, L.,
Ramoz, G.R., Crowley, W.R., Bealer, S.L.,
and Armstrong, W.E. (2008). Central
blockade of oxytocin receptors during mid-
late gestation reduces amplitude of slow
afterhyperpolarization in supraoptic
oxytocin neurons. Am. J. Physiol.
Endocrinol. Metab. 295, E1167–E1171.
https://doi.org/10.1152/ajpendo.
90620.2008.

59. Choe, K.Y., Han, S.Y., Gaub, P., Shell, B.,
Voisin, D.L., Knapp, B.A., Barker, P.A.,
Brown, C.H., Cunningham, J.T., and
Bourque, C.W. (2015). High Salt Intake
Increases Blood Pressure via BDNF-
Mediated Downregulation of KCC2 and
Impaired Baroreflex Inhibition of
Vasopressin Neurons. Neuron 85, 549–560.
https://doi.org/10.1016/j.neuron.2014.
12.048.

60. Potapenko, E.S., Biancardi, V.C., Zhou, Y.,
and Stern, J.E. (2012). Altered astrocyte
glutamate transporter regulation of
hypothalamic neurosecretory neurons in
heart failure rats. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 303, R291–R300.
https://doi.org/10.1152/ajpregu.
00056.2012.

61. Fleming, T.M., Scott, V., Naskar, K., Joe, N.,
Brown, C.H., and Stern, J.E. (2011). State-
dependent changes in astrocyte regulation
of extrasynaptic NMDA receptor signalling
in neurosecretory neurons. J. Physiol. 589,
3929–3941. https://doi.org/10.1113/
jphysiol.2011.207340.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Javier E. Stern

(jstern@gsu.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All studies described herein were approved by the Georgia State University Institutional Animal Care and Use Committee (IACUC) and align

with values and guidelines for animal research outlined by the American Veterinary Medical Association.

Young adult (150-300g) transgenic male Wistar rats containing eGFP-VP were used for all experiments, and randomly assigned to each

experimental group.30 These animals received ad libitum food and water and were housed on a standard 12:12 light cycle. For water depri-

vation experiments, water bottles were removed from cages 48 h prior to experiments. For salt-loading experiments, standard drinking water

was replaced with water containing 1% NaCl for seven days before experiment.

METHODS DETAILS

Acute slice preparation

On the day of the experiment, the GFP rats were anesthetized (Euthasol, Virbac, ANADA #200-071, Fort Worth, TX, USA, 50 mg kg�1 i.p.) and

then perfused transcardially with 30 mL of ice-cold sucrose artificial cerebrospinal fluid (ACSF) (NaCl replaced by equal-osmol sucrose)87 con-

taining the following (in mM): 210 sucrose, 2.5 KCl, 1 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, 20 D-Glucose, 0.4 ascorbic acid, and 2.0 CaCl2; pH

7.2; 300–305 mosmol l�1. Rats were then rapidly decapitated, and brains were subsequently dissected, mounted in the chamber of a vibro-

tome (Leica VT1200s, Leica Microsystems, Buffalo Grove, IL, USA), and submerged in the same sucrose solution and bubbled constantly with

95%O2/5%CO2 gas. Coronal slices containing the hypothalamic SONand PVNwere cut at 240 mmthickness and placed in a holding chamber

containing ACSF bubbled with 95% O2/5% CO2. The ACSF is identical in composition to the sucrose solution, but with 210 mM sucrose re-

placed by 119 mM NaCl and 2 mM Na+-Pyruvate. Slices rested for a minimum of 45 min in total before any experiment.

2 photon microscopy

Slices were placed on the stage of an Olympus BX51WI upright microscope (Bruker, Billerica, MA, USA). The stage was perfused (�2 mL/min)

with ACSF bubbled continuously with 95%O2/5%CO2 andwarmed to 32�C. eGFP-VP neurons were excited with a 2 photon (2P) MaiTai Laser

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Tetrodotoxin (TTX) Alomone Labs Cat#T-550

Mannitol Sigma-Alderich Cat#M9647

N-methyl-D-aspartic acid (NMDA) Sigma-Alderich Cat#M3262

Experimental models: Organisms/strains

Rattus norvegicus: eGFP-VP Ueta et al.30 N/A

Software and algorithms

Imaris Bitplane Imaris/Oxford Instruments RRID:SCR_007370

GraphPad Prism GraphPad Software Inc. RRID:SCR_002798

ggplot2 R-plot RRID:SCR_014601
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(Spectra-Physics, Milpitas, CA, USA) tuned to 860 nm in and imaged with a 60x Nikon LUMPLFLN603W objective. Slices were scanned for

quality processes (either an axon or dendrite) that displayed LDCV movement suitable for imaging. When imaging PVN, we targeted exclu-

sively magnocellular VP neurons by avoiding eGFP-positive neurons with small somas, thus trafficking in parvocellular VP neurons was not

evaluated. Desirable characteristics included healthy, viable eGFP-positive neurons (as assessed by characteristic morphology under DIC illu-

mination88), located at least two cell layers below the surface of the slice, with processes containing moving LDCVs, low process background

fluorescence, and processes that were straight and remain in the same z-plane (i.e., processes that aren’t tortuous). Conversely, cells at the

surface of the slice often displayed inert LDCV movement along with visual characteristic of damaged cells under DIC (swollen somata, dull

and loosely defined edges, visible nucleus).88 Given these cells were likely damaged by the slicing procedure, we did not image them.

Some neurons had inert LDCVmovement and thus we did not evaluate these neurons due to concerns about cell viability. With regards to

dendrites, we exclusively imaged first order dendrites,89–93 favoring neurons with thick apical dendrites as these tended to have lower back-

ground fluorescence and thusmade analysismore accurate.Weonly imagedprocesses with aminimumof 15 mmvisible in a single z-plane. All

dendrite measurements labeled ‘‘proximal’’ refer to initial dendrite segments at the point where they join with the soma. Distal dendritemea-

surements are segments greater than 50 mm from the soma. Axons were identified based on their very narrow width (i.e., the same size as a

single vesicle diameter) and long length (hundreds of microns). All axon measurements were imaged at least 20 mm from the soma and care

was taken to ensure that any imaged process was not severed from its soma. During acquisition, we employed a 3x digital zoom and cropped

the process to maximize spatiotemporal resolution. We scanned using resonant galvo mode with 16x frame averaging. Laser power, photo-

multiplier tube (PMT) sensitivity, field of view, and scan speed all varied between trials to maximize spatiotemporal resolution without photo-

bleaching the specimen. Imaging acquisition occurred for 1–2 min per process. Trials in which acute pharmacological challenges were pre-

sented to the same process, imaging settings and acquisition time remained consistent before and after drug application. The goal of these

studies was tomeasure LDCV kinetics, thusmaximizing acquisition of quality time series to ensure accurate trackingwas prioritized overmain-

taining consistent acquisition parameters across trials.

QUANTIFICATION AND STATISTICAL ANALYSIS

VP magnocellular neurosecretory neurons from both SON and PVN were evaluated. While SON contains only magnocellular type neurons,

PVN contains both magnocellular and parvocellular VP neurons which have distinct morphological and electrophysiological properties.94–97

When evaluating VP neurons from PVN, we targeted magnocellular neurons located in the lateral magnocellular subdivision, which contains

the majority of VP magnocellular neurons.98 Given the parity of magnocellular VP neurons from SON and PVN, data obtained from these VP

neurons were pooled together for analysis.

Images were imported and analyzed in Imaris (Andor Technology, Belfast, Northern Ireland) for spot detection and tracking. First, images

were background subtracted and amask was created for each time series to isolate the imaged dendrite or axon and eliminate potential spot

detection outside of the target. A reference point was placed in the center of the dendritic or axonal hillock so that measurements could be

calculated in relation to this reference point. Next, we ran the ‘spots’ pipeline function to detect LDCVs and track movement. The ‘spots qual-

ity’ parameter was adjusted between trials to maximize accurate detection of particle movement. However, this remained the same in trials

where the same process was being analyzed, such as before and after an acute pharmacological application. The following parameters re-

mained the same: Track Spots: Yes, Estimated XY Diameter: 0.3 mm, Background Subtraction: Yes, Algorithm: Autoregressive Motion, Max

Distance: 0.4, Max Gap Size: 1. Only LDCVs that could be observed for a minimum of 10 s and displaced a minimum of 2 mm in distance were

included for analysis. Tracks were checked manually for accuracy. All data was exported as.csv files for further statistical analysis in MATLAB

and PRISM.Mean andmax speedwere determined from the files. Directionality was calculated using the statistic ‘‘Distance fromOrigin Refer-

ence Frame’’. This parameter calculates distance of each spot from the reference point for each frame that the LDCV is tracked. The first value

was subtracted from the final value. If this value was positive, the LDCVwas classified as anterogrademovement; if this value was negative, the

LDCV was classified as retrograde movement. The positive and negative values were reassigned 1 or -1 respectively for easier analysis. Sta-

tistics and most graphics generated with GraphPad Prism (Boston, MA, USA). Error bars represent standard error of the mean (SEM) where

applicable. Distribution density analyses were performed on mean speed data binned into 50 bins and subsequent kernel density plot gen-

eration was performed using R Statistical Software (v4.2.2)99 and the ggplot2 R package (v3.3.5).100 Table and figure n value formatting is as

follows: animals | processes | LDCVs, unless otherwise noted. For anterograde vs. retrograde comparisons, only vesicle count is reported to

avoid redundancy. Figure legenddenotes statistical test used; asterisks in figures denote significance level (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001).
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