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Abstract
This study investigated the ability of substance P (Sub P) to induce dendritic varicosities (DVs) or
beads in neurons of the rostral ventromedial medulla (RVM) of the rat. Microinjection of 5–200
pmol Sub P in the RVM produced a concentration-dependent increase in the number of DVs in
distal dendrites of RVM neurons that were immunoreactive for the neurokinin-1 receptor, but not
serotonin. The effect was reversible, as DVs were essentially absent two and four hrs after
microinjection. Fluoro-jade B labeled neurons were not evident in the RVM four days after
microinjection of Sub P, although such neurons were present four days after microinjection of a
neurotoxic dose of kainate. Bath application of Sub P to brainstem slices for a period as brief as 30
sec also produced DVs in neurokinin-1 immunoreactive RVM neurons. Prior exposure to
L-703,606 prevented the formation of DVs by Sub P, implicating the neurokinin-1 receptor, a Gq
type of G-protein coupled receptor, in the formation of DVs by Sub P. Finally, stabilization of
microtubules by prior exposure to taxol also prevented the formation of DVs consistent with the
idea that increases in intracellular Ca2+ lead to the formation of DVs secondary to a disruption of
the linear arrays of microtubules in dendrites. These data establish a mechanistic basis for the
formation of DVs by Sub P and support further studies to test the hypothesis that the formation of
DVs is a morphological mechanism by which neurons can regulate their responses to inhibitory or
excitatory inputs.
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1. Introduction
Internalization of the neurokinin-1 receptor (NK-1R) has been extensively used as a measure
of the release or action of substance P (Sub P) in the central nervous system (Adelson et al.,
2009; Allen et al., 1997; Marvizon et al., 1999; Marvizon et al., 2003). In the course of these

Contact Information: Donna L. Hammond, Ph.D., Department of Anesthesia, The University of Iowa, 200 Hawkins Drive 6 JCP, Iowa
City, IA 52242, +1 (319) 384-7127 (voice), +1 (319) 356-2940 (fax).
*Current address: Dept. Physiology & Biophysics; University of Colorado Denver; Anschutz Medical Campus; RC-1 North
P18-7403F mail stop 8307; 12800 E 19th Ave; Aurora CO 80045.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Brain Res. Author manuscript; available in PMC 2012 January 19.

Published in final edited form as:
Brain Res. 2011 January 19; 1369: 36–45. doi:10.1016/j.brainres.2010.10.091.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



studies, several authors have commented on changes that occur in the dendrites of these
neurons. For example, the dendrites of dorsal horn neurons that exhibit internalization of
NK-1R after intradermal injection of capsaicin exhibit a highly varicose or tortuous
appearance (Mantyh et al., 1995b). The formation of dendritic beading or varicosities (DVs)
has also been documented after microinjection of Sub P in the striatum (Mantyh et al.,
1995a), and after prolonged application to cultured dorsal horn neurons (Marvizon et al.,
1998).

Other than documentation of their occurrence, little is known about the mechanisms that
underlie the formation of DVs induced by Sub P. Yet, DVs may have functional
consequences for neuronal function. The formation of DVs is accompanied by a reduction in
the diameter of the intervening segments of the dendrites (McNeil et al., 1999), which
radically alters the geometry of the dendrites. In theory, such changes will reduce the
passive electrical properties of dendrites because internal resistance is increased in the
constricted regions between varicosities (Ellias and Stevens, 1980). Thus, synaptic potentials
initiated in varicose dendrites could attenuate with distance. Dendritic varicosities could
potentially function to isolate synaptic currents, reduce the electrotonic conduction of
synaptic potentials along the dendrite, and effectively insulate the soma from excitatory or
inhibitory inputs. The purpose of this study was to conduct an in vitro and in vivo analysis of
DVs and the mechanisms that are responsible for their formation after application of Sub P.
This study focused on the rostral ventromedial medulla (RVM) because this region contains
high densities of NK-1R and Sub P (Ljungdahl et al., 1978; Nakaya et al., 1994; Saffroy et
al., 2003). Moreover, there is strong evidence that endogenously released Sub P in the RVM
may play a role in the maintenance of thermal hyperalgesia and mechanical allodynia after
peripheral inflammatory injury (Hamity et al., 2010; Pacharinsak et al., 2008).

2. Results
2.1. Microinjection of Sub P produces DVs in vivo

The first set of experiments established that microinjection of Sub P, but not saline produced
DVs in NK-1R immunoreactive RVM neurons. The total number of DVs was determined 10
to 240 min after microinjection of saline or Sub P (5 to 200 pmol in 0.5 μl). Counts were
made in serial sections through the RVM. As illustrated in Fig. 1A,B, the DVs were
approximately 2 microns in diameter, and were often regularly spaced along a dendrite
giving the appearance of beads on a string. Dendritic varicosities were more common on
distal dendrites, than on proximal dendrites. Dendritic varicosities were infrequently
observed after microinjection of saline (Fig. 1C). Figure 2 illustrates the total number of
DVs counted in serial sections through the RVM after microinjection of Sub P. The dose-
effect curve for Sub P was U-shaped, with the maximum number of DVs observed after
microinjection of 100 pmol Sub P (Fig. 2A). Dendritic varicosities persisted for up to 60 min
after microinjection, but were essentially absent by 120 min (Fig. 2B). Substance P did not
produce DVs in distal or proximal dendrites of serotonergic RVM neurons (Fig. 1D), which
is consistent with its inability to produce inward currents in serotonergic neurons and
absence of colocalization of NK-1R to serotonergic neurons in the RVM (Leger et al., 2002;
Zhang and Hammond, 2009).

2.2. Sub P produces DVs in a concentration- and time-dependent manner
Subsequent experiments used the in vitro brainstem slice preparation to further probe the
action of Sub P. Initial experiments determined that negligible numbers of DVs were
observed in the dendrites of NK-1R RVM neurons in brainstem slices that incubated for 1 to
6 hrs before placement in the recording chamber and perfusion with ACSF for an additional
10 min (Fig. 3A). With prolonged periods of incubation, there was a slight decrease in the

Hahm et al. Page 2

Brain Res. Author manuscript; available in PMC 2012 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



average density of DVs (P < 0.02) (Fig. 3A). The mean diameter of the DVs ranged from 2.1
to 2.6 μm. Slices from the first three hrs of incubation were pooled to generate a control
group for statistical comparisons.

The time-course and concentration-dependence of the induction of DVs by Sub P was
determined by applying concentrations ranging from 0.03 – 3 μM for periods ranging from
30 to 120 sec. Only one concentration and period of exposure was tested in a slice. Figure
3B illustrates that the concentration-response curve for the induction of DVs by Sub P was
U-shaped with the maximum number of DVs induced by exposure to 0.3 or 1 μM Sub P.
The mean diameter of DVs measured in NK-1R immunoreactive RVM neurons ranged from
1.8 to 2.2 μm with no systematic difference among the different treatment groups. The
induction of DVs was also time-dependent, with maximal numbers of DVs observed after
just 30 sec exposure to Sub P (Fig. 3C). Therefore, for subsequent experiments that
examined the mechanism for Sub P induction of DVs, slices were exposed to 1 μM Sub P
for 30 sec.

2.3. Induction of DVs by Sub P is mediated by NK-1R
Pretreatment of brainstem slices with 0.1 or 1.0 μM L-703,606, a selective NK-1R
antagonist (Cascieri et al., 1992), for 10 min before and during exposure to Sub P prevented
the formation of DVs by Sub P (Fig. 3D). Exposure to the antagonist alone did not decrease
the number of DVs (Fig. 3D), indicating that DVs observed under basal conditions are not
due to endogenously released Sub P.

2.4. Induction of DVs by Sub P involves microtubules
Pretreatment with 10 μM taxol, a microtubule stabilizer, 10 min before and during
application of Sub P significantly inhibited the formation of DVs by Sub P (Fig. 4A; P <
0.01). The number of DVs produced by the 1 μM Sub P in this experiment, in which a small
concentration of DMSO (0.17%) was present in the vehicle, was not significantly different
from that determined in ACSF (P > 0.15).

2.5. The formation of DVs does not adversely affect membrane properties or apparent
viability of neurons

To determine whether the formation of DVs by Sub P altered the passive or action potential
properties of RVM neurons, whole cell patch clamp recordings were made from NK-1R
positive neurons after exposure to 1 μM Sub P for 30 sec. Figure 4B illustrates that the
formation of DVs did not alter the current-voltage relationship for NK-1R-positive neurons;
application of Sub P produced an inward current in each of these neurons. The formation of
DVs did not alter the conductance, resting membrane potential, capacitance, access
resistance or holding current (Figure 4C and data not shown).

Fluoro-jade B staining can be used to visualize degenerating neurons (Schmued and
Hopkins, 2000). The validity of the method was first confirmed by systemic administration
of 10 mg/kg kainate, which produces modest seizures and resulted in labeling of
hippocampal neurons. It was further probed by microinjection of 1.2 nmol of kainate in the
RVM, which resulted in large numbers of labeled neurons in the RVM (Fig. 5A,B). In
contrast, no Fluoro-jade B staining of RVM neurons was evident either one or four days
after microinjection of 100 pmol Sub P or saline (Fig. 5C,D).
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3. Discussion
3.1. Sub P induces the formation of DVs

The principal finding of this study is that Sub P produced morphological changes in the
dendrites of NK-1R immunoreactive neurons in the RVM through a mechanism that
involved activation of the NK-1R and disruption of microtubules. The effect of Sub P was
highly dependent on both concentration and duration of exposure. Similar U-shaped dose-
effect curves for the effects of Sub P have been reported by others (Reid et al., 1990).
Substance P is not alone in its ability to produce DVs. The NK-1R receptor is a G protein-
coupled receptor (GPCR) of the Gq type. Other Gq-coupled receptor agonists such as
platelet activating factor or the mGluR1/5 receptor agonist (S)-3,5-dihydroxyphenylglycine
produce DVs in cultured hippocampal neurons (Clark et al., 2000; McNeil et al., 1999) and
cultured striatal neurons, respectively (Mao and Wang, 2002). That antagonism of the
NK-1R receptor alone did not decrease DVs suggests that the few DVs that form under basal
conditions are not due to endogenous release of Sub P in the RVM.

It is unlikely that the formation of DVs is indicative of neuronal injury. First, the process of
cutting brainstem slices did not elicit more than a negligible number of DVs. Were
formation of DVs a response to neuronal injury, one might have expected the number of
DVs to increase with longer incubation times. Rather, a slight decrease in the number of
DVs occurred as incubation time increased. Second, microinjection of 100 pmol Sub P in
the RVM, which produced the maximal number of DVs, did not result in any labeling of
RVM neurons by Fluoro-Jade B, whereas labeling was evident after microinjection of a
neurotoxic dose of kainate. Although the absence of labeling by Fluoro-Jade B is not
definitive proof of an absence of injury, the fact that DVs did not alter the passive membrane
properties of neurons or IV relationships is additional evidence that the formation of DVs is
not necessarily injurious to the neuron.

3.2. Potential mechanisms
Gq coupled receptors activate phospholipase C, increase the levels of diacylglycerol and
inositol 1,4,5-trisphosphate, and result in the intracellular release of Ca2+ from the
endoplasmic reticulum. Indeed, the Ca2+ ionophore A23187 also induces DVs in cultured
spinal cord neurons (Emery and Lucas, 1995). There is abundant evidence that mobilization
of intracellular Ca2+ causes depolymerization of microtubules (Jones et al., 1980; Mattson,
1990; Mattson et al., 1991; Ringel and Horwitz, 1991; Schliwa et al., 1981). For example,
high cytosolic Ca2+ may activate the proteolytic enzyme calpain I, which depolymerizes
microtubules (Siman and Noszek, 1988). Alternatively, moderate Ca2+ mobilization may
activate kinases that can phosphorylate microtubule-associated proteins (MAPs) such as
MAP2 that is present in dendrites. Phosphorylation of MAP2 leads to its dissociation from
microtubules, which become unstable and depolymerize (Sanchez et al., 2000).

Depolymerization of microtubules results in the formation of DVs. Electron microscopic
examination of varicose dendrites in retinal amacrine cells (Ellias and Stevens, 1980;
Sasaki-Sherrington et al., 1984), and cultured hippocampal neurons exposed to platelet
activating factor indicates that microtubules are disrupted in the varicosities (Gache et al.,
1994; McNeil et al., 1999). Although the microtubules continue to form normal linear arrays
in the intervening constrictions (McNeil et al., 1999), the intervening segments can undergo
constriction (McNeil et al., Fig. 1 this study). Nocodazole, which selectively disrupts
microtubule structure (Gache et al., 1994; McNeil et al., 1999; Solomon, 1980) also
produces DVs in cultured neurons (Gache et al., 1994; Jacobs and Stevens, 1986; McNeil et
al., 1999). Treatment of hippocampal cultures with taxol, which promotes tubulin
polymerization and stabilizes the microtubule structure (Horwitz, 1992; Ringel and Horwitz,
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1991), prevents the formation of DVs by nocodazole (McNeil et al., 1999). Taxol also
prevents the formation of DVs by platelet-activating factor in cultured hippocampal neurons
(McNeil et al., 1999). In the present study, pretreatment with taxol also prevented the
formation of DVs by Sub P. Finally, there is strong evidence that SubP can also disrupt
microtubules (Maccioni et al., 1986; Manolides et al., 1988). These results indicate that
mobilization of intracellular Ca2+ following activation of Gq-coupled GPCRs, as modeled
here with Sub P and NK-1R, disrupts microtubules leading to the formation of DVs.

3.3. Sub P–induced DVs differ from those induced by excitatory amino acids
Excitatory amino acids also produce DVs in cultured neurons (Bindokas and Miller, 1995;
Emery and Lucas, 1995; Hasbani et al., 1998; Park et al., 1996; Sloviter and Dempster,
1985; Stewart et al., 1991). However, the varicosities produced by excitatory amino acids do
not appear to be produced by Ca2+ influx, as both N-methyl-D-aspartate and kainate induce
varicosities in Ca2+-free buffer. Rather, the ionic mechanism involves the influx of Na+ and
Cl−, which produce osmotic swelling of dendrites (Al-Noori and Swann, 2000; Hasbani et
al., 1998). Activation of Na+ channels by veratridine also produces varicosities of the same
shape and size as those produced by kainate. Varicosities induced by excitatory amino acids
also vary in appearance; they are as large as 15 μm and filled with vacuoles (Emery and
Lucas, 1995). In contrast, varicosities produced by agonists acting at GPCRs of the Gq type,
such as Sub P and neurotensin, are much smaller and not vacuolated. Gq-coupled GPCRs
and excitatory amino acids therefore appear to produce DVs by different mechanisms.
Excitatory amino acids produce osmotic swelling of dendrites, whereas agonists of Gq-
coupled GPCRs appear to cause disruption of microtubules that leads to the formation of
DVs.

3.4. Possible ramifications of DV formation
As illustrated in Figure 6, the electrotonic conduction of synaptic potentials can be estimated
by the product of the initial membrane potential (V0) and e−(d/λ), where d is distance along
the dendrite and λ is the space constant (the square root of the ratio of membrane resistance
Rm to the internal resistance Ri) or the distance at which the initial voltage V falls to 37% of
its initial value (V0) (Koch, 1999). The internal resistance of the dendrite is primarily
determined by the diameter of the narrowest constricted regions (Tanelian and Markin,
1997), and will be directly proportional to the number of constricted regions since the total
resistivity of resistances in series is the sum of the individual resistances. Varicose dendrites
have a shorter space constant because of the high internal resistance produced by the thin
intervening constrictions. Consequently, synaptic potentials decrement over a shorter
distance in varicose dendrites. As such, DVs may represent a morphological means to isolate
neurons from inhibitory or excitatory inputs. Direct confirmation of this proposal will
require quantitative measurement of dendrite diameter using electron microscopic methods,
as well as measurement of evoked postsynaptic currents in RVM neurons.

As noted earlier, the passive membrane characteristics of NK-1R expressing RVM neurons
did not change despite the formation of DVs. This finding was not unexpected because the
largest numbers of DVs appeared on distal dendrites, with few numbers observed on larger,
proximal dendrites of NK-1R immunoreactive RVM neurons (Fig. 1). The formation of DVs
on distal dendrites would not be expected to appreciably alter the space clamp characteristic
of these neurons.

3.5. Conclusions
The present findings suggest that the actions of Sub P go beyond simple activation of
NK-1R receptors and mobilization of intracellular Ca2+ stores and extend to the disruption
of microtubules and the formation of DVs. Under conditions of sustained or high intensity
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activation, the release of endogenous Sub P may result in the formation of DVs that serve to
isolate neurons from incoming inputs. In the case of excitatory inputs, the formation of DVs
may serve a protective function. In the case of inhibitory inputs, the formation of DVs may
represent a morphological mechanism to maintain neural activity. The present findings
provide the first systematic analysis of the formation of DVs by Sub P, provide insight into
the mechanisms by which these occur and set the stage for future studies of their possible
role in regulating afferent input to neurons.

4. Experimental Procedures
4.1. Animals

These experiments were approved by the University of Iowa Animal Care and Use
Committee and were conducted in accordance with the guidelines of the International
Association for the Study of Pain and the National Resource Council Guide for the Care and
Use of Laboratory Animals. Rats were housed in cages with free access to food and water on
a 12 hr light/dark cycle with lights on at 6:00 a.m. Every effort was made to minimize stress
and the number of animals used.

4.2. Microinjection Studies
Female Sprague Dawley rats (250–350 g) were anesthetized with 50 mg/kg i.p.
pentobarbital and placed in a stereotaxic unit. A 27 ga injection cannula was positioned in
the RVM for injection of drug. At designated times thereafter, rats were administered an
overdose of pentobarbital (100 mg/kg i.p.) and perfused intracardially with 4%
paraformaldehyde in 0.1 M phosphate buffered saline (PBS). The brain was removed and
placed in 30% sucrose-0.1 M PBS to cryoprotect. Serial coronal sections of 25 μm thickness
were cut through the RVM and processed for NK-1R or serotonin immunoreactivity or
Fluoro-jade B staining as described below. Sections were cut in the coronal plane because
the dendrites of neurons in the RVM are predominantly oriented in the mediolateral plane
and are more restricted in the rostrocaudal plane (Gao and Mason, 1997; Potrebic and
Mason, 1993).

4.3. Immunohistochemistry
4.3.1. Neurokinin-1 receptor—After washing several times with 0.01 M PBS (pH 7.4) at
room temperature, sections were incubated for 20 min in 1.67 % H2O2 in 100% methanol.
After further washes with 0.01 M PBS, sections were incubated for 30 min in 1% sodium
borohydride and washed extensively for an hour with 0.01 M PBS. Sections were then
transferred to 2% normal goat serum and 0.3 % Triton X-100 in 0.01 M PBS (PBS-N-T) for
two hrs after which they were transferred to 0.01 M PBS containing 0.8 % bovine serum
albumin, 0.2% gelatin and 0.3% Triton X-100 for another 45 min. After blocking was
complete, sections were transferred to guinea pig anti-NK-1R [1:8,000, Chemicon AB5800;
(Song and Marvizon, 2003)] in PBS-N-T for 72 hr at 4°C. The sections were then washed
with 0.01 M PBS and incubated for 1 hr at room temperature with biotinylated goat anti-
guinea pig IgG (6 μg/ml; Vector Labs) and then incubated in the ABC Elite solution (1:125;
Vector Laboratories) for 1 hr. After further washes, the sections were reacted with 3,3′-
diaminobenzidine (0.5 mg/ml) and the reaction terminated by extensive washing with 0.01
M PBS. The sections were mounted out of distilled water onto slides, dehydrated with
graded series of alcohols, cleared with xylenes and coverslipped. Omission of the primary
antibodies or preabsorption with the epitope resulted in a loss of labeling.

4.3.2. Serotonin immunoreactivity or Fluoro-jade B staining—Sections were
processed as detailed above except that sections were incubated in rabbit anti-serotonin
antibody (1:64,000; Immunostar, catalog 20080, lot# 051007; Hudson, WI) (Carrera et al.,
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2008) for 72 hrs, and after washing with 0.01 M PBS were incubated for 1 hr at room
temperature with biotinylated goat anti-rabbit IgG (6 μg/ml; Vector Labs) followed by
incubation in the ABC Elite solution (1:125; Vector Laboratories) for 1 hr. The sections
were reacted with 3,3′-diaminobenzidine (0.5 mg/ml) as above. Fluoro-Jade B staining was
performed to detect degenerating neurons as described (Schmued and Hopkins, 2000).

4.4. Slice preparation
Ten- to 14-day-old male Sprague-Dawley rats (Charles River, Raleigh, NC) were killed by
decapitation. The brain was rapidly removed into ice-cold ACSF and the brainstem was
dissected free. Coronal slices of 160 μm thickness containing the RVM were cut with a
Leica vibratome equipped with a sapphire blade as previously described (Zhang et al., 2006;
Zhang and Hammond, 2009). Sections were equilibrated for at least 1 hr at 34 °C in ACSF
bubbled with 95% CO2/O2. They were then transferred to the recording chamber, perfused
continuously with bubbled ACSF (4 ml/min at 32–34°C) and allowed to equilibrate for an
additional 10–15 min before an experiment was begun. At the end of the experiment, the
brain stem slice was fixed in 4% paraformaldehyde-0.1 M phosphate buffer for 1 hr and then
transferred to 0.1 M phosphate buffered saline (PBS) for storage at 4°C until processing.

4.5. Electrophysiological preparation
Brainstem slices were prepared for whole cell patch-clamp recordings and measurements of
passive membrane were made as previously described (Zhang et al., 2006; Zhang and
Hammond, 2009). Current-voltage relationships were obtained before and 15 min after a
one-minute exposure to 1 μM Sub P by a stepwise change in voltage from −140 mV to −40
mV. A Digidata 1322A board and pClamp 9.0 software (Molecular Devices, Sunnyvale,
CA) were used for data acquisition and analysis.

4.6. Analysis of DV formation
The RVM was defined as the triangular region bounded ventrally by the pyramids,
extending laterally to the edge of each pyramid and dorsally no further than the dorsal edge
of the motor nucleus of the seventh nerve with the apex of the triangle on the midline. These
anatomical boundaries are readily apparent under brightfield and epifluroescent illumination
conditions, permitting reliable and consistent demarcation of the region of interest. For the
in vivo microinjection study, serial sections through the RVM were viewed using a Nikon
microscope equipped with a 60X objective (N.A. 1.4) and a 10X eyepiece objective, which
provided an ultimate magnification of 600X. Using Neurolucida software (Microbrightfield,
Colchester, VT), the location of each DV was marked and then summed across the serial
sections to yield a single total value for each rats (N = 3–9 rats/dose). For studies in the in
vitro slice preparation, a different approach was used. One or two slices were randomly
selected from each rat for analysis. Three to nine slices, which had been obtained from 3 to 6
rats, were analyzed for each concentration and duration of exposure to Sub P or other agents.
Neurolucida was used to trace the length of NK-1R immunoreactive dendrites, as well as the
diameter of the varicosity, and to plot the location of the DVs in the RVM. The number of
DVs was normalized to the length of dendrite and expressed as the number of DVs per 100
μm of dendrite. These values were averaged to yield a single value for that slice. Values for
each slice were then averaged and the data expressed as the mean ± S.E.M of all the slices in
that treatment group. A subanalysis of the data revealed that the length of the NK-1R
immunoreactive dendrites traced for this analysis did not vary among the different treatment
conditions, ranging from as short as 1.6 μm for those cut tangentially in a section to as long
as 385 μm for those coursing in the plane of the section.
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4.7. Drugs
Substance P acetate salt and L-703,606 hydrate oxalate salt were purchased from Sigma (St.
Louis, MO). Taxol was purchased from Tocris (Ellisville, MO). Taxol was dissolved in
DMSO and diluted so that the final concentration of DMSO in the ACSF was 0.17% (v/v).
This concentration of DMSO served as the vehicle control in experiments involving Taxol.
All other drugs were dissolved in distilled water, aliquoted, and stored at −20 or −80°C until
use.

4.8 Statistical analysis
Data were expressed as the mean ± S.E.M. A one way-ANOVA was used to compare the
number of DVs over time in the absence of Sub P. Newman-Keul’s test was used to make
posthoc comparisons between mean values of the different treatment groups. A two-way
ANOVA was used to compare the effects of the different concentrations and exposure times
of Sub P on DV formation followed by Newman-Keul’s test. A Student’s t-test for paired
samples was used to compare membrane properties before and after drug treatment group. A
P < 0.05 was considered statistically significant.
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ACSF Artificial cerebrospinal fluid

DV Dendritic varicosity

GPCR G protein coupled receptor

NK-1R Neurokinin-1 receptor

PBS Phosphate buffered saline

RVM Rostral ventromedial medulla

Sub P Substance P
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Figure 1.
(A) Representative photomicrograph of dendritic varicosities (DVs) in neurokinin-1 receptor
expressing neurons of the rostral ventromedial medulla (RVM) demonstrating the clarity
with which DVs could be viewed with a 60× N.A. 1.4 objective and 10× eyepiece objective.
The vertical line drawn perpendicular to the dendrite’s trajectory illustrates how the
diameter of a DV was determined. Note that the segments between the DVs are constricted.
(B) Representative photomicrographs of DVs in neurokinin-1 receptor expressing neurons
of the rostral ventromedial medulla 1 hr after microinjection of 100 pmol substance P. (C)
Few DVs were observed in neurokinin-1 receptor expressing neurons in the RVM after
microinjection of saline. (D) Substance P did not produce DVs in serotonergic neurons in
the RVM. Scale bar is 10 μm in panel A and 100 μm in panels B–D. Arrowheads indicate
DVs. Where not visible in panels B–D, the microinjection site was within 250 – 500
microns.
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Figure 2.
(A) Microinjection of Substance P (Sub P) in the rostral ventromedial medulla (RVM) of
adult rats produced dendritic varicosities (DVs) in a dose-dependent manner. Values are the
mean ± S.E.M. of the total number of DVs counted in serial sections through the RVM of 3–
9 rats. (B) Time course of DV formation in the RVM after microinjection of 100 pmol Sub
P. Values are the mean and S.E.M. of the total number of DVs counted in serial sections
through the RVM of 3–6 rats.
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Figure 3.
The effects of substance P (Sub P) are concentration- and time-dependent and mediated by
neurokinin-1 receptors (NK-1R) as determined in brainstem slices from juvenile rats. (A)
Negligible numbers of dendritic varicosities (DVs) are present in brainstem slices incubated
for as long as 6 hrs before transfer to the recording chamber. The induction of DVs in
NK-1R immunoreactive neurons in the RVM is highly dependent on (B) the concentration
(illustrated for a 30 s duration of exposure) and (C) duration of exposure to Sub P. (D)
Pretreatment with 0.1 (open bars) or 1.0 μM (hatched bars) L703,606 prevents the formation
of DVs by 30 sec exposure to 1 μM Sub P, but does not decrease the number of DVs by
itself. The stippled bar is ACSF only (control). * P< 0.05, ** P < 0.01 compared to control.
† P < 0.05, ‡ P < 0.01 compared to Sub P. Data are mean and S.E.M. of determinations in 4–
9 slices obtained from 3–6 rats.
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Figure 4.
The production of dendritic varicosities (DVs) involves microtubules, and does not alter
passive membrane properties of neurokinin-1 receptor (NK-1R) expressing neurons in the
RVM. (A) Pretreatment with the microtubule stabilizer taxol (10 μM) prevents the formation
of DVs by 30 sec exposure to 1 μM substance P. Data are the mean ± S.E.M of
determinations in 3–4 slices. (B) Current-voltage relationship for three NK-1R expressing
RVM neurons before (circles) and 15 min after a 30 sec exposure to 1 μM Sub P (squares).
(C) Brief exposure to Sub P did not alter passive membrane properties of NK-1R-expressing
RVM neurons. Data are mean ± S.E.M. for three neurons.
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Figure 5.
Representative micrographs of Fluoro-jade B staining of (A) hippocampal neurons 4 days
after i.p. injection of 10 mg/kg kainate or (B) RVM neurons four days after microinjection
of 1.2 nmol kainate into the RVM. Insert in panel A is a high magnification image of the
boxed area. Fluoro-jade B staining was not observed in the RVM four days after
microinjection of (C) 100 pmol Sub P, a dose known to produce DVs in RVM neurons, or
(D) saline. Arrows identify the microinjection site. Scale bars are 100 μm.
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Figure 6.
Schematic illustrating how dendritic varicosities (DVs) and the intervening constrictions can
alter the electrotonic spread of potentials from dendrites to the soma, effectively isolating
the soma from excitatory or inhibitory drive. This figure does not represent actual data, but
is a graphic illustration of the known passive electrical properties of dendrites. Vo: initial
membrane potential. Vd: voltage at distance d from the source. d: distance from the source
on the dendrite. rm: membrane resistance. ri: internal resistance. The space constant, also
known as λ, is the square root of the ratio of rm and ri.
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