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Dynamic monitoring of NET activity in mature
murine sympathetic terminals using a
fluorescent substrate
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Background and purpose: To validate a fluorescence approach for monitoring norepinephrine transporter (NET) transport
rate in mature sympathetic terminals, and to determine how prejunctional muscarinic receptors affect NET rate.
Experimental approach: Confocal imaging of a fluorescent NET substrate [neurotransmitter transporter uptake assay (NTUA)]
as it accumulates in the mature sympathetic nerve terminals of the mouse isolated vas deferens. Fluorescence recovery after
photobleaching (FRAP), enhanced green fluorescence protein (EGFP)-transgenic mice and contraction studies were also used.
Key results: NTUA fluorescence accumulated linearly in nerve terminals, an effect that was prevented with NET inhibition with
desipramine (1 uM). Such accumulation was reversed by amphetamine (10 uM), which is known to reverse the direction of
transport of NET substrates. NTUA labelling was not present in cholinergic terminals (identified using EGFP fluorescence
expressed in transgenic mice under a choline acetyltransferase promoter). FRAP experiments, altered nerve terminal distribu-
tion with reserpine pretreatment and co-imaging in terminals filled with a cytoplasmic marker (Alexa 594 dextran) indicated
that the NTUA labelling was largely confined to vesicles within varicosities; vesicular exchange between varicosities was rare.
The rate of NTUA accumulation was slower in the presence of the muscarinic agonist carbachol (10 uM) demonstrating
muscarinic inhibition of NET rate.

Conclusions and implications: A straightforward protocol now exists to monitor NET transport rate at the level of the single
nerve terminal varicosity, providing a useful tool to understand the physiology of NET regulation, the action of NET inhibitors
on mature sympathetic terminals, dynamic vesicular tracking and to identify sympathetic terminals from mixed terminal
populations in living organs.
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Introduction postganglionic nerve terminals, depends dynamically on the
rate of its release and its rate of clearance. While much is

The extracellular concentration of the transmitter noradrena-  known of the regulation of noradrenaline release by exocyto-

line, the primary transmitter released from sympathetic
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sis, its clearance is harder to study. Classically, there are two
uptake systems for peripheral noradrenaline: neuronal
uptake-1, attributed to norepinephrine transporter (NET)
(SLC6A2) and non-neuronal uptake-2 (predominantly
SLC22A3).

The pharmacology of NET inhibitors is a fertile and
complex field. Many of the inhibitors are also dopamine
transporter (DAT) and serotonin transporter (SERT) inhibitors
(particularly the tricyclic antidepressants, including
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desipramine), and are drugs of abuse (e.g. amphetamine and
cocaine). NET polymorphisms have been associated with
orthostatic intolerance (Shannon et al., 2000) and hyperten-
sion in people with type 2 diabetes (Ksiazek et al., 2006), yet it
is their promiscuous response to drugs that makes them most
interesting. Despite the importance of NET there are no
methods currently available for measuring NET rate indepen-
dently of noradrenaline exocytosis at the level of an indi-
vidual nerve terminal in a physiological system.

In an attempt to assess NET transporter function we inves-
tigated the effect of a commercially available assay [neu-
rotransmitter transporter uptake assay (NTUA)], which has
been validated to monitor NET transport rate in cell culture
systems (Jorgensen etal.,, 2008). We sought to determine
whether the fluorescent NET substrate in this kit could be
used to quantify relative changes in transporter activity in
mature sympathetic nerve terminals, and whether this uptake
was specific for noradrenergic over cholinergic terminals. To
test the usefulness of this probe for investigating drug action,
we investigated the muscarinic regulation of NET transporter
rate. Muscarinic receptor activation is known to inhibit NET
transport rate, in a variety of cell lines, acting through a
PKC-dependent pathway that modifies NET surface expres-
sion (Apparsundaram et al., 1998a,b). However, whether such
regulation occurs in nerve terminals is unknown.

Methods

Isolating the mouse vas deferens

Vasa deferentia were removed from 8-12 week old Balb/c mice
(Harlan, UK), which had been killed by cervical fracture.
Experiments were in accordance with the European Commu-
nities Council Directives (86/609/EEC of 24 November 1986).
The vasa deferentia were dissected from the animal and
placed in a standard physiological salt solution (PSS) contain-
ing (mM): NaCl 118.4, NaHCO3 25.0, NaH2PO4 1.13, CaCl2
1.8, KCI 4.7, MgCI2 1.3 and glucose 11.1. Loosely adherent
connective tissue was cleared under a dissecting microscope.

NTUA assay imaging

Each vas deferens was cut longitudinally through the lumen
with small iris scissors to create a flat sheet of tissue. This was
pinned, serosal side up, onto a Silgard-covered superfusion
bath. This bath was transferred onto the stage of a Leica SP2
upright confocal microscope (Leica Microsystems, Wetzlar,
Germany), where the tissue was continuously superfused with
warmed (32-34°C) PSS at a rate of 1.65 mL-min™ into a bath
volume of about 1.5 mL.

The NTUA is described by the manufacturer as containing
two compounds (http://www.moleculardevices.com/pages/
reagents/neurotransmitter_kit.html): a fluorescent NET
substrate and a proprietary masking dye that quenches
extracellular fluorescence. Throughout this manuscript,
‘NTUA fluorescence’ is used to describe any fluorescent signal
that arises following exposure to this kit, as we cannot be
entirely certain of which compound causes this signal.

In pilot experiments, a blindly chosen field within the tissue
was observed under the confocal microscope while a 1:10
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NTUA solution was added. In many experiments, fluorescent
structures reminiscent of nerve terminal varicosities were iden-
tified within such blindly chosen fields, but in other experi-
ments no such terminals were observed within the initial field
of view because we had chosen a focal plane too deep in the
tissue for the confocal microscope to image or the local inner-
vation density was low. Therefore, in order to identify norad-
renergic terminals prior to kinetic measurements, for all later
experiments, we exposed the tissue to a 1:100 NTUA solution
on the microscope stage for 30 min, then washed in NTUA-free
PSS for a further 30 min before imaging. This produced dim
images showing nerve terminals and allowed a field of view
containing several terminals to be chosen for subsequent
kineticimaging. The NTUA concentrations used here are much
lower than the undiluted concentration recommended by the
manufacturer for imaging cell cultures. However, these lower
concentrations allowed a longer period to monitor changes in
transporter rate, which allows time for drug changes within
such thick tissues, and is more economical under conditions of
continuous indicator superfusion.

The following describes our standard imaging protocol. To
allow for some focal plane drift over the course of the experi-
ment, 10-slice stacks of images were acquired (1 um between
slices) every 2 min; a 40x 0.8 NA dipping objective was used,
with excitation wavelength 458 nm and emission band 490-
570 nm. After three such control stacks, the tissue was super-
fused with a 1:10 NTUA solution for 12 min, followed by a
45 min period in which the preparation was returned to PSS
only. The relative transporter rate was determined by measur-
ing the change in the fluorescent signal over time (AF/At) in the
presence of 1:10 NTUA, relative to the fluorescent signal in the
control period (Fo). By normalizing with respect to the control
period (1:100) we can measure a change in the pump rate
between the control period and the test period (1:10 dilution).

EGFP-ChAT mice
Ex-breeder EGFP-ChAT mice, were generously donated by P.
Bolam (MRC Neuroanatomical Unit, Oxford, UK). They were
originally supplied by The Jackson Laboratory (Bar Harbor,
ME, USA), strain B6.Cg-Tg(RP23-268L19-EGFP)2Mik/], stock
number 007902.

Imaging was performed as described above except that the
excitation wavelength for enhanced green fluorescence
protein (EGFP) was 496 nm, with a common emission band of
510-590 nm. The suboptimal excitation wavelength for EGFP
excitation was chosen because the otherwise-preferable
488 nm wavelength excited NTUA. Cross-talk was further
reduced by using line-by-line switching of the excitation
wavelength using the microscope’s acousto-optical tunable
filter. Under these conditions, spectral de-convolution of the
images was not required.

Nerve terminal dextran loading

Each vas deferens was transferred to an organ bath; the cut
prostatic end of each vas deferens was secured in a glass
micropipette containing 0.25 mg-uL™ of the 10 kDa dextran
conjugate of Alexa 594 (Invitrogen, Renfrew, UK), using a
protocol similar to that previously described for loading



dextran-conjugated Ca* indicators (Brain and Bennett, 1997).
The preparations were left in contact with the dye for 9 h,
removed from the micropipette and then left for a further 3 h
to remove any extracellular non-specific diffusion of the dye,
all at room temperature.

Image analysis

Image analysis was performed with Image SXM version 1.88
(from http://www.liv.ac.uk/~sdb/ImageSXM/) using custom-
written macros. For NTUA measurements a region of interest
(ROI) was drawn around a short terminal segment (15-25 pm
in length; 4-6 varicosities) from the first control image stack.
For subsequent image stacks, the slice on which this segment
was in focus was identified, the ROI restored and automati-
cally fitted to the terminal (using a algorithm based on
highest local fluorescent signal), then the mean fluorescent
signal from this ROI was measured. For photobleaching
experiments, the ROI was drawn around single varicosities.

Contraction

Isometric recordings were made from whole vasa deferentia
suspended longitudinally in 5 mL organ baths, attached to
force transducers coupled to a PowerLab A/D converter and
recording system (ADInstruments, Hastings, UK). Platinum
ring electrodes were used to elicit contractions with trains of 10
stimuli at 10 Hz (pulse width 0.5 ms; 90 V) applied every
5 min. Preparations were allowed to equilibrate for 1 h under a
resting tension of 9.8 mN before beginning the experiment.
Drugs were added directly to the organ baths and were
removed by flushing with multiple bath changes of PSS over
10 s. Contraction amplitude and recovery kinetics were calcu-
lated using Chart v5.5.3 (ADInstruments). The relation time
constant (t) was calculated by determining the time taken for
the force to fall from 90% to 33% (i.e. to fall by 1/e) of its peak
amplitude. Relative changes in this time course were measured
in a pair-wise manner, taking the ratio of 7 in the presence of
the drug (NTUA or desipramine; last three recordings) to t in
the immediately preceding three recordings.

Drug preparation

The NTUA kit was purchased from MDS Analytical Technolo-
gies (catalogue R8173; Wokingham, Berkshire, UK) and
diluted with PSS (10 mL per unit) to make a stock solution.
This was divided into 1 mL aliquots which were then frozen
(-20°C) for subsequent use. On the day of the experiments,
the stock was diluted 1:10 or 1:100 (as indicated) with PSS.
Desipramine, amphetamine, cyclopentolate and carbachol
were stored as stock 10 mM solutions in water; hydrocorti-
sone and reserpine was stored at 10 mM in dimethyl sulfox-
ide. All drugs went through no more than one freeze-thaw
cycle. The molecular target nomenclature conforms to BJP’s
Guide to Receptors and Channels (Alexander et al., 2008).

Statistics
When comparing NTUA fluorescence rate of change, the nor-
mality of the control distribution was checked with a
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Kolmogorov-Smirnov test; if normally distributed, then an
unpaired Student’s t-test was used. An F-test was used to
determine whether the variance within each set was similar —
if not, Welch'’s correction was applied. If the control distribu-
tion was not normally distributed, then a Mann-Whitney test
was used. All statistical analysis was with GraphPad Prism
(GraphPad Software, San Diego, CA, USA). Throughout the
text, np refers to the number of preparations (vasa deferentia);
nt is the number of terminals.

Results

NTUA labelling

To determine whether NET transporter rate could be moni-
tored optically, the sympathetically innervated mouse vas
deferens was incubated in NTUA (1:100) for 30 min, then
returned to PSS for 30 min. After this, a dense network of
varicose terminals, typical of varicose nerve terminals, could
be seen running among the smooth muscle cells (Figure 1A; nt
=30; np = 3). Upon adding 1:10 NTUA, the fluorescent signal
in these structures increased steadily and additional cellular
labelling (which may have been in smooth muscles cells or
other cells types) was also identified. Returning the solution
to bathing in PSS for 40 min resulted in a great reduction in
the cellular labelling, while the fluorescence remained within
the varicose terminals. The fluorescent signal was measured in
individual nerve terminal branches over time (Figure 1B).
During the period of NTUA (1:10) exposure, the fluorescence
increased linearly (nt = 30; np = 3).

To determine if the additional cellular labelling was due to
uptake-2 into smooth muscle or other cells, the tissue was
pre-incubated with hydrocortisone (30 uM); one of the many
actions of hydrocortisone is to inhibit uptake-2 (Moura et al.,
1990). However, subjectively there was no change in the addi-
tional cellular labelling. There was also no change in the rate
of accumulation of NTUA into the nerve terminals (nt = 16;
np = 3; control mean = 23.9 + 2.6%-min"'; hydrocortisone
mean = 17.6 + 1.8%-min™%; P > 0.05).

Specificity for NET

To determine whether the increased fluorescence upon NTUA
exposure was due to the activity of NET, tissues were pre-
incubated for 6 min in desipramine (1 uM). NTUA (1:10) did
not accumulate in the terminals: following washout with PSS
the fluorescence was not significantly greater than zero with
respect to the control period (Figure 2A,B; nt = 16; np = 3).
These findings are consistent with uptake and clearance of the
NTUA through NET into nerve terminals.

If the fluorescent component of NTUA is a NET substrate,
then it may also be more rapidly removed from the terminals
in the presence of amphetamine, as it has been argued to do
for noradrenaline. So, after exposing the preparation to NTUA
(1:10) as previously, each vas deferens was then perfused with
10 uM amphetamine in PSS. The rate of fall of the fluorescent
signal in the terminals was then monitored (Figure 2C). In
many cases, the fluorescence disappeared before the end of
the 35 min washout period in amphetamine. In such cases,
the fluorescence was measured until the terminals could no
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A series of images of the same portion of the mouse vas deferens during neurotransmitter transporter uptake assay (NTUA) exposure

is shown. Following exposure to low-concentration NTUA (1:100), varicosities are faintly visible. At the end of NTUA (1:10) exposure, these
varicosities were brighter, but there was also significant perinuclear staining in another cells type (probably smooth muscle cells). After
returning the preparations to physiological saline (wash) for 30—40 min, the nerve terminal labelling remained, but the perinuclear staining was
greatly reduced or abolished. Many nerve terminals (arrows) could be monitored throughout the recording period, although some were too
close to non-terminal labelling and were not included in the analysis. The change in fluorescence in the nerve terminal outlined in A, normalized
with respect to the mean signal in the control [NTUA (1:100)] period, increased linearly during NTUA (1:10) exposure (B), falling only slowly

upon return to physiological saline.

longer be detected. The rate of fall of fluorescence was about
five times faster in amphetamine than in the control PSS
(Figure 2D; P < 0.001).

Relationship between noradrenergic and cholinergic terminals

If NTUA is a NET substrate, it should be taken into noradren-
ergic but not cholinergic terminals. To determine whether
this was indeed the case, NTUA labelling was investigated in
the vasa deferentia of mice that express EGFP under a choline
acetyltransferase (ChAT) promoter (i.e. in cholinergic
neurons). Prior to NTUA labelling, EGFP fluorescence was
identified in many axon bundles running over the surface of
the tissue, in some smaller bundles (where their profiles were
smooth) and in a few cases in varicose terminals (np = 3).
Following NTUA labelling, the fluorescence signal of the
NTUA and EGFP could be clearly separated (as described in
the Methods). NTUA labelling did not occur in any EGFP-
labelled structures. In most fields, only NTUA labelling could
be seen (Figure 3A). However, in nerve terminal bundles,
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EGFP-ChAT terminals were in close association with NTUA-
positive terminals. A similar close association was present in
the few examples where isolated EGFP-ChAT terminals (i.e.
those not in bundles) could be identified. The density of
NTUA terminals was much higher, by at least an order of
magnitude, than EGFP-ChAT positive terminals.

Intraterminal location of NTUA labelling

NTUA appeared punctate, but it was unclear whether the
labelling was confined to the varicosities or extended into the
intervaricose axonal segments (which would suggest free dif-
fusion in the cytoplasm). To investigate this, the 10 kDa
dextran conjugate of Alexa 594 was orthogradely loaded into
the sympathetic nerve terminals overnight; such vasa defer-
entia were then loaded with NTUA and the distribution of the
two indicators compared (Figure 3B; nt = 21; np = 2). The
Alexa 594 could be clearly seen in the varicosities and inter-
varicose axonal segments, consistent with its expected cyto-
plasmic distribution. However, the NTUA was present only in
the varicosities.
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Figure 2 Pretreatment with desipramine (1 uM) prevents fluores-
cence accumulating in nerve terminals (A). The results of all experi-
ments are summarized in B, for these experiments measuring the
relative change in fluorescence at the end of the loading protocol
compared with the control period [neurotransmitter transporter
uptake assay (NTUA 1:100)]. Adding amphetamine after the NTUA
(1:10) exposure causes a rapid loss of fluorescence in the nerve
terminal (C), suggesting removal by reversal of norepinephrine trans-
porter. The rate of loss of NTUA fluorescence in the nerve terminal
after removal of extracellular NTUA (1:10), both in the presence and
absence of amphetamine, is shown in D; each dot represents a
different nerve terminal. The exposure protocol is identical to that
shown in C.

To investigate whether the NTUA substrate was taken into
vesicles, the vesicular monoamine transporter (VMAT)
inhibitor reserpine was used (Figure 4A). In vitro pretreat-
ment with reserpine for 90 min did not significantly
decrease the rate of uptake of NTUA (Figure 4B; 33 =
4%-min' compared with 24 = 3%-min™ in the controls;
nt = 28; np = 2; one sided f-test P = 0.97) but did increase
the rate at which NTUA fluorescence was lost from the
nerve terminals during the washout (Figure 4C; -10.1 =
1.2%-min™' compared with -2.6 = 1.4%-min™" in the con-
trols; nt = 28; np = 2; P < 0.01). Additionally, after the
washout period, the fluorescence was detected in the inter-
varicose segments (Figure 4A; comparing this with the punc-
tate distribution seen wunder normal conditions in
Figure 3B). The apparently cytoplasmic distribution and the
more rapid clearance of NTUA fluorescence from the nerve
terminal during the washout, suggest that the NTUA fluo-
rescent substrate accumulates in vesicles through VMAT
under normal conditions, which removes it from the cyto-
plasm and protects it from extrusion by NET.

To further investigate the intra-terminal distribution and
movement of the NTUA, fluorescence recovery after pho-
tobleaching (FRAP) was used. In NTUA-labelled tissues, after a
control stack of images, a small square area around one to two
varicosities was photobleached by continued exposure to a
mixture of high-intensity 458 nm and 476 nm light for 2 min
(Figure 5A). On image stacks acquired immediately after such
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photobleaching, the targeted varicosities had almost no
NTUA labelling visible. There was some fall in the fluores-
cence of nearby varicosities (on the same or different nerve
terminal branches), a phenomenon attributed to scattering of
the photobleaching illumination in this thick tissue. The time
course of fluorescence recovery in the photobleached varicos-
ity was measured, using nearby varicosities as a control for the
effects of NTUA labelling loss over time (Figure 5B). The fluo-
rescence recovered only very slowly (compared with the
bleaching controls), with a time course (time to recover to
1/e) of 120 min (median of np = 6; range 107-250 min). In
some experiments, the fluorescence appeared to recover in a
stepwise manner, with the reappearance of small (diffraction
limited) spots of bright fluorescence with the targeted vari-
cosity (for an example, see Figure 5C). One FRAP experiment
was performed in a tissue loaded with Alexa 594 dextran. In
this tissue, the Alexa dextran 594 was photobleached with
high intensity 594 nm excitation in addition to the shorter
wavelengths (458 and 476 nm; Figure 5D). While the NTUA
was locally bleached, the Alexa 594 fell in proportion to the
signal in adjacent varicosities, consistent with the rapid recov-
ery of fluorescence by diffusion of the 10 kDa dextran conju-
gate between the varicosities.

These observations are consistent with little cytoplasmic
exchange of NTUA and only rare vesicular movement
between varicosities.

Contraction

To assess the toxicity of the NTUA compound, and its effects
on neurotransmitter release or uptake, contraction studies
were performed. Under control conditions, short trains of
stimuli of 10 pulses at 10 Hz induced a brief twitch which is
predominantly noradrenergic (Cleary et al., 2003; Williams
et al., 2007). NTUA (1:10) reduced the amplitude of contrac-
tion by 18.6 = 5.9% (np = 7; P < 0.05; Figure 6A,B) but did not
affect the time course of relaxation (1 = 10% of the control;
np = 7; P = 0.97; Figure 6C,D). The effect of the NTUA on
neurogenic contraction was reversible on removing the
compound.

To confirm that NET inhibition prolongs the neurogenic
twitch, the effects of desipramine (1 uM) were determined.
Desipramine slowed the relaxation following the twitch (time
course of relaxation increased 26 *= 14%; np = 13; P < 0.001;
Figure 6C,D). These findings suggest that the NTUA assay
protocol used here does not significantly inhibit the uptake of
noradrenaline following its release from nerve terminals,
improving its usefulness as an assay method for endogenous
NET activity. Desipramine (1 uM) also decreased the ampli-
tude of the contraction (by 26 = 4%; np = 13; P < 0.001;
Figure 6B), an effect most readily attributable to postjunc-
tional a;-adrenoceptor antagonism (discussed next).

To determine whether NTUA (1:10) might block postjunc-
tional os-adrenoceptors, the contractile response to exog-
enously applied noradrenaline (10 uM) in the presence of
desipramine (100 nM), with and without NTUA (1:10), was
assessed. NTUA (1:10) had no effect on the amplitude of
contraction to exogenously applied noradrenaline (-1.4 =
3.9%; np =5; P =0.94).

British Journal of Pharmacology (2010) 159 797-807
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EGFP-ChAT

Alexa-dex

Figure 3 Neurotransmitter transporter uptake assay (NTUA) (1:10) labelling (green) in nerve terminals of the mouse vas deferens in
transgenic mice expressing enhanced green fluorescence protein (EGFP) under the choline acetyltransferase (ChAT) promoter (A). Cholinergic
terminals (EGFP positive; pseudo-coloured red) were very sparse (the only one present in this field is marked with an arrow), but commonly
ran close to NTUA-labelled terminals. No NTUA labelling was found in EGFP-positive terminals. This suggests that the NTUA specifically labels
sympathetic noradrenergic terminals. There is some cross-talk between the channels; no attempt at cross-correction has been made. In normal
Balb/C mice, loading a proportion of the nerve terminals with Alexa 594 dextran (red) prior to NTUA (1:10) exposure shows that NTUA
labelling (green) is confined to the varicosities and does not spread to the intervaricose nerve terminal segments (B).

Cholinergic regulation of NTUA labelling

To determine if NET transporter rate was affected by muscar-
inic receptor activation, the effect of the muscarinic agonist
carbachol on NTUA rate was determined. Exposing the tissue
to 10 uM carbachol for 6 min prior to, and during NTUA
(1:10) application slowed the rate of uptake by 53% (from
25.3 * 2.6%-min™' in controls to 11.9 = 0.9%-min™ in
carbachol-treated preparations; P < 0.001; nt = 25; np = 4,
Figure 7). This effect was prevented in the presence of the
muscarinic antagonist cyclopentolate (1 uM; 21.5 =*
2.4%-min™'; nt =19; np = 3; P = 0.32).

Discussion and conclusions

At the macroscopic level, I-123-MIBG imaging is an important
tool for the identification of sympathetic innervation,
although in the periphery it is more precisely a macroscopic
measure of the mean local NET transporter rate (Glowniak
etal., 1993). At the level of the single organ, noradrenaline
uptake has been measured using the uptake of radioactive
substrates, or the overflow of released noradrenaline escaping
from the tissue, although this is also affected by the amount
of transmitter released. Other fluorescent substrates have been
used for assaying NET uptake in cultured cells, the most
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important of which is 4-(4-dimethylaminostyryl)-N-methyl-
pyridinium (4ASP*) (Schwartz et al., 2003; Mason et al., 2005).
However, to date we have not been able to confidently use
this compound to identify nerve terminals within intact
tissues. So, we sought to explore the usefulness of the NTUA
for the measurement of NET rate in mature terminals to
understand the physiology and pharmacology of pump rate
regulation, and as a tool to identify sympathetic terminals
running within or on the surface of smooth muscle in
living organs.

NTUA as a measure of changes in NET rate

NTUA wuptake was prevented by the NET inhibitor
desipramine, and assay loading was more rapidly removed in
the presence of amphetamine, which acts to reverse the pump
and hence remove substrates (like bretylium) from the nerve
terminal (Ross and Gosztonyi, 1975). These observations
imply that the NTUA uptake is NET dependant, a transporter
densely expressed on noradrenergic terminals in the vas def-
erens (Schroeter et al., 2000), and that this transport can be
reversed by amphetamine, as is the case for other NET sub-
strates. It seems unlikely that this action could be explained
by an action on DAT, as desipramine is about 4000 times more
selective for NET over DAT (review by Baldessarini, 2001), nor
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Figure 4 High magnification confocal images of nerve terminals
filled with neurotransmitter transporter uptake assay (NTUA) in the
presence of reserpine (1 uM) are shown (A). Two representative
images from well-separated fields in the same preparation have been
included and show that the intervaricose axonal segments fluoresce.
After loading the terminals with NTUA (1:100), reserpine (1 uM) was
applied; after 90 min, NTUA (1:10) was applied, as in Figure 2, for the
measurement of uptake (B) and washout (C) rates.

on SERT, as there is no evidence for SERT activity in the vas
deferens; for example, SERT inhibition with paroxetine does
not increase the response to exogenously applied SHT in rat
vas deferens (Yaris et al., 2003).

In this work, we have shown that using a 1:100 NTUA
solution allows the identification of noradrenergic terminals
within the mouse vas deferens, an organ with a dense sym-
pathetic innervation. The subsequent addition of 1:10 NTUA
allows the rate of NET uptake to be monitored. Calibrating
this value to an absolute rate would be complicated by the
need to consider the illumination intensity and the detection
sensitivity, which may vary between experiments. To avoid
such complications, we have chosen to control for such vari-
ables by normalizing the rate of change of fluorescence in
1:10 NTUA to the basal fluorescence following exposure to
1:100 NTUA (in the same terminals under the same recording
conditions). This means that the relative change in NET rate
(compared with the conditions during exposure to the 1:10
solution) can be measured, but not the absolute uptake rate.

NTUA for the identification of sympathetic terminals
The bright, stable fluorescent signal from the nerve terminal
varicosities penetrating deep into the tissue, with fluorescence
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absent from cholinergic terminals, makes this assay a useful
tool for identifying noradrenergic sympathetic terminals
from among a mixed population of nerve terminals. For
example, for studies of Ca®* in autonomic nerve terminals
(Brain and Bennett, 1997; Brain etal., 2001; Brain and
Cunnane, 2008) this assay could now be used to determine
the nerve terminal type, because the excitation wavelength
(458 nm optimum) is separate from that used for most Ca**
indicators (488 nm). It should also be useful when imaging
smooth muscle Ca* regulation during neurotransmission
(Brain et al., 2002; Lamont et al., 2003) in order to locate
noradrenergic nerve terminals. We have not yet confirmed an
absence of NTUA uptake into sensory nerves, the other major
nerve terminal population present in smooth muscle organs,
although such uptake seems unlikely given the amphetamine
and desipramine sensitivity (hence NET sensitivity) of all
nerve terminal labelling.

Intraterminal location of the NTUA fluorescence

The punctate pattern of NTUA fluorescence, limited to nerve
terminal varicosities, and very slow recovery of fluorescence
during the FRAP experiments both suggest that the com-
pound is tightly constrained or bound within the varicosities.
The most likely location of the indicator is the neurotrans-
mitter vesicles, as most NET substrates are also VMAT sub-
strates. More directly, in the presence of reserpine, which
binds to and inhibits the VMAT-2 found in sympathetic post-
ganglionic neurons (for review, see Varoqui and Erickson,
1997), the NTUA fluorescence was distributed more diffusely
in the nerve terminal cytoplasm and was more susceptible to
removal from the terminals during the washout period. The
distribution of fluorescence throughout the cytoplasm is
reminiscent of the Falck-Hillarp type fluorescence seen in
terminal from reserpinized animals acutely re-exposed to cat-
echolamines (Hamberger et al., 1964), which was also argued
to be an effect of inhibition of vesicular uptake. The absence
of an effect of reserpine on NTUA uptake into the terminals is
analogous to the finding that noradrenaline uptake is, at least
initially, similarly unaffected (Kopin ef al., 1962). The faster
loss of fluorescence during the washout is consistent with the
cytoplasmic location of the NTUA fluorescent substrate,
making it more susceptible to loss, probably by reverse trans-
port through NET. It should be noted that while acute reser-
pine treatment does not deplete the terminals of
noradrenaline, it does inhibit vesicular uptake (Iversen, 1967).
If the NTUA fluorescent substrate is sequestered in vesicles,
then the faster decline in fluorescence observed in the pres-
ence of amphetamine can only be explained if amphetamine
also removes it from vesicles; such removal is likely to occur
because amphetamine reverses VMAT (Pifl et al., 1995).

The FRAP experiments suggest that there is little exchange
of neurotransmitter vesicles between varicosities over about
an hour. Such tight sequestration also implies that the unit of
independent measurement of NET rate, monitored by the rate
of increase of fluorescence, could be as small as the single
nerve terminal varicosity.

Functional effects of NTUA exposure
It was possible that the NTUA (1:10) might compete with
noradrenaline for NET uptake. If such competition was
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Figure 5 Fluorescence recovery after photobleaching (FRAP) the neurotransmitter transporter uptake assay (NTUA)-labelled terminal at the
arrow caused a persistent loss of fluorescence (A) which only slowly recovered with respect to control varicosities on the same terminals (B).
In C, three frames from another such experiment are shown, with photobleaching at t = 0 min. Between the recordings at t=10 and 12 min
punctate, fluorescence returned in a diffraction-limited spot within the target varicosity (arrow); this fluorescence persisted throughout the rest
of the experiment. Such FRAP experiments were also carried out in nerve terminals filled with Alexa 594 dextran (D). In such cases, the
varicosity in the photobleached region (boxed) lost its NTUA labelling, but the Alexa 594 labelling was lost throughout the entire terminal that
crossed this target region. For example, note that the varicosity indicated with a # has a significant fall in Alexa 594 (red) labelling but not NTUA
labelling; this varicosity is on the nerve terminal that crosses the target region. However, the varicosity at * does not lose labelling on either
channel. These findings suggest that the FRAP protocol does not disrupt the nerve terminal (as Alexa 594 can diffuse to the target region
through the nerve terminals to be bleached) and confirms that even a 10 kDa cytoplasmically located molecule can readily move between
varicosities.

important for the clearance of exocytosed noradrenaline,
then it should slow the time taken for relaxation following a
brief twitch, a hypothesis confirmed with the NET inhibitor
desipramine (which slowed the relaxation by 26%). However,
at the highest concentration used in the imaging experi-
ments, NTUA (1:10) had no effect on this measure, implying
that it did not significantly inhibit noradrenaline uptake
by NET.
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There was a reversible inhibition of twitch contraction
observed with NTUA (1:10; by 19%). It may be that the
compound, acting as a false transmitter, displaces noradrena-
line from the neurotransmitter vesicles and hence decreases
noradrenaline release following nerve stimulation. However,
this inhibition was more rapidly reversible on removing the
NTUA (1:10) than was the loss of fluorescence from the nerve
terminal varicosities, which argues against this hypothesis. It
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Figure 6 Field-stimulation-induced contraction of the mouse vas
deferens (10 pulses at 10 Hz) is reduced in amplitude by neurotrans-
mitter transporter uptake assay (NTUA) (1:10) in a reversible manner
(A). A similar reduction in amplitude is observed with the norepi-
nephrine transporter (NET) inhibitor desipramine (1 uM). These
effects are summarized over all experiments in B. The rate of relax-
ation of the smooth muscle following the end of the field stimulation
is slower in presence of desipramine, consistent with NET inhibition,
but not NTUA (C). The change in the relaxation time constant (7) is
summarized in D.
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Figure 7 Neurotransmitter transporter uptake assay (NTUA) uptake
is slowed in the presence of the muscarinic agonist carbachol
(10 uM). This effect is prevented in the presence of the muscarinic
receptor antagonist cyclopentolate (10 uM). The rate of NTUA accu-
mulation was measured using the same protocol described in
Figure 1B.

may be that there is an unidentified effect of NTUA (1:10) on
either the nerve terminals or the smooth muscle that partially
inhibits the neurogenic twitch contraction. Postjunctional
antagonism of oy-adrenoceptors seemed a likely hypothesis,
an effect that can also explain the desipramine-induced inhi-
bition (1 uM) of contraction; desipramine (at 1 uM, but not
100 nM) inhibits o;-adrenoceptors, hence reducing neuro-
genic contraction in the rat vas deferens (Bradley and
Doggrell, 1985). However, NTUA (1:10) did not affect the
contractile response to exogenous NAd, arguing against
oladreoceptor-mediated antagonism.

Cholinergic innervation of the mouse vas deferens
The cholinergic innervation of the vas deferens is sparse in
the longitudinal layer (Kaleczyc, 1998; Kihara, 1998; Kihara
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et al., 1998) but sufficient to generate a contraction following
long trains of stimuli if noradrenergic and purinergic contrac-
tion is abolished (with prazosin and o,-methylene ATP) and
Ach breakdown is inhibited with neostigmine (Kaschube and
Zetler, 1989; Cuprian et al., 2005). However, the finding that
cholinergic terminals, when present, were often closely asso-
ciated with catecholaminergic terminals (previously sug-
gested on morphological grounds in the guinea pig vas
deferens using electron microscopy; Gosling and Dixon,
1972) gives an anatomical basis for the observed
oz-adrenoceptor-mediated cross-inhibition from noradrener-
gic to cholinergic terminals (Cuprian-Beltechi et al., 2009).
Where present, this intimate association between cholinergic
and catecholaminergic terminals might also be of functional
relevance for the activation of the lower-affinity nicotinic
receptors on these sympathetic nerve terminals (Brain et al.,
2001).

Most of the cholinergic terminals in the outer longitudinal
layer of the guinea pig vas deferens are in large bundles, with
fine nerves being sparse. The EGFP-ChAT labelling we observe
suggests a similar pattern in the mouse. It may be that Ach is
released in passing from preterminal axons in nerve bundles,
and that acetlycholinesterase inhibition allows this normally
ineffective ACh release to cause smooth muscle contraction.

Muscarinic inhibition of NET rate

NET rate is acutely regulated by neuronal activity (Sung and
Blakely, 2007), nitrosylation of NET by NO (Kaye et al., 2000),
endothelin-1 (Backs et al., 2005) and following the activation
of muscarinic receptors through a phorbol ester-sensitive
(PKC-dependent)  mechanism  (Apparsundaram  etal.,
1998a,b). The PKC-dependence of the muscarinic pathway is
consistent with the presence of a known PKC-dependent
regulator site on the transporter (Jayanthi et al., 2006). In the
vas deferens, noradrenaline uptake is inhibited by okadaic
acid (Bauman et al., 2000), attributed to a requirement for a
phosphatase to stabilize NET surface expression, and botuli-
num toxin, due to a loss of NET surface expression (Sung
et al., 2003). We now show that the muscarinic inhibition, to
date determined only in cell lines, also occurs in mature nerve
terminals. This muscarinic inhibition of noradrenaline uptake
would allow a cooperative action of ACh with noradrenaline
where both cholinergic and noradrenergic innervations are
significant, of which the most important site is arguably the
sinoatrial node.

Conclusions

An optical method now exists to monitor NET transport rate
at the level of the single nerve terminal varicosity, although
the non-specific tissue labelling that remains complicates the
analysis and forces the use of high-resolution microscopy.
This experimental approach can be used to understand NET
regulation, an approach we have started by showing a mus-
carinic inhibition of transporter rate in mature sympathetic
terminals, and the action of drugs on mature sympathetic
terminals. We have also shown the first measurements of
lateral vesicle movement between autonomic varicosities,
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with such limited exchange suggesting tight function com-
partmentalization of varicosities. In the future, such fluores-
cent NET and VMAT substrates will also be useful tools to
study the vast reserve pool of vesicles in sympathetic termi-
nals — a buffer for local and circulating catecholamines.
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