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ABSTRACT Studies on cultured cells have shown that
agonists induce several types of G protein-coupled receptors
to undergo internalization. We have investigated this phe-
nomenon in rat striatum, using substance P (SP)-induced
internalization of the SP receptor (SPR) as our model system.
Within 1 min of a unilateral striatal injection of SP in the
anesthetized rat, nearly 60% of the SPR-immunoreactive
neurons within the injection zone display massive internal-
ization of the SPR—i.e., 20-200 SPR* endosomes per cell
body. Within the dendrites the SPR undergoes a striking
translocation from the plasma membrane to endosomes, and
these dendrites also undergo a morphological reorganization,
changing from a structure of rather uniform diameter to one
characterized by large, swollen varicosities connected by thin
fibers. In both cell bodies and dendrites the number of SPR*
endosomes returns to baseline within 60 min of SP injection.
The number of neurons displaying substantial endosomal
SPR internalization is dependent on the concentration of
injected SP, and the SP-induced SPR internalization is in-
hibited by the nonpeptide neurokinin 1 receptor antagonist
RP-67,580. These data demonstrate that in the central ner-
vous system in vivo, SP induces a rapid and widespread SPR
internalization in the cell bodies and dendrites and a struc-
tural reorganization of the dendrites. These results suggest
that many of the observations that have been made on the
internalization and recycling of G protein-coupled receptors
in in vitro transfected cell systems are applicable to similar
events that occur in the mammalian central nervous system in
vivo.

GTP-binding regulatory protein-coupled (G protein-coupled)
receptors are a large family of receptors that is widely distrib-
uted in the mammalian central nervous system (CNS). This
family includes the adrenergic, dopaminergic, and all known
peptidergic receptors. Although these receptors exhibit sub-
stantial diversity in the ligands with which they interact and the
types of neurons and glia that express them, receptors in this
family share several common structural and functional fea-
tures (1, 2). All members of this family contain seven trans-
membrane domains and activate second-messenger systems
via G proteins. Functionally, the majority of receptors in this
family undergo desensitization after receptor signaling. Stud-
ies on cultured cells transfected with cDNA encoding G
protein-coupled receptors indicate that after binding, several
types of G protein-coupled receptors undergo phosphoryla-
tion, endosomal internalization, dissociation from the ligand in
the endosome, dephosphorylation, and finally receptor recy-
cling to the plasma membrane (3-7). Whether G protein-
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coupled receptors undergo a similar sequence of events in vivo
is not known.

Substance P (SP) belongs to the tachykinin neuropeptide
family which also includes neurokinin A and neurokinin B, and
all tachykinins are characterized by the C-terminal sequence
-Phe-Xaa-Gly-Leu-Met-NH; (8). In the CNS, SP is widely
distributed and is present in high concentrations in the stria-
tum, brainstem, and spinal cord. SP binds with nanomolar
affinity to the SP receptor (SPR), a G protein-coupled recep-
tor that is also known as the neurokinin 1 (NK-1) receptor (9).
The SPR is also widely distributed in the brain and has been
implicated in signaling nociception in the spinal cord (10) and
in the modulation of cortical and striatal cell function (11).

In vivo electrophysiological studies demonstrate that neu-
rons that express SPR undergo a rapid desensitization in
response to SP (8). Radiolabeled SP is internalized in anterior
pituitary cells (12) and in pancreatic acinar cells (13). In an
epithelial cell line transfected with SPR cDNA, SP and the
SPR are internalized into early endosomes within minutes of
binding, SP is degraded in an acidified cellular compartment,
and the SPR is recycled back to the cell membrane (14, 15).

Here we examine whether SP evokes internalization of SPR
in the CNS in vivo, the time course of this internalization, the
location within the neurons where this internalization occurs,
the cytoplasmic localization of the internalized SPR, and
whether the kinetics of the internalization are compatible with
G protein-coupled receptor recycling after receptor signaling.

MATERIAL AND METHODS

Preparation of Antiserum. The antiserum was raised against
a 15-aa peptide sequence at the C terminus of the rat SPR
[SPR-(393-407)]. The immunogen consisted of the synthetic
peptide conjugated to bovine thyroglobulin by glutaraldehyde.
The antiserum recognizes a protein band of 80-90 kDa on
Western blots of membranes prepared from cells transfected
with the rat SPR (16). The cells were immunostained with the
antiserum and the staining was blocked by preadsorbing the
antiserum with SPR-(393-407).

Injections of SP, SP Antagonists, Neurokinin A, or Neuro-
kinin B. Male Sprague—Dawley rats (240-260 g) were deeply
anesthetized with sodium pentobarbital (60 mg/kg). The anes-
thetized rats were mounted in a small-animal stereotaxic
instrument and injections were made stereotaxically into the
striatum with a 28-gauge needle. The vehicle was artificial
cerebrospinal fluid (128.6 mM NaCl/2.6 mM KCl/2.0 mM
MgCl,/1.4 mM CaCl,) containing 0.1% bovine serum albumin
(pH 7.4, 22°C), injected at a rate of 1 ul/min for 5 min, with

Abbreviations: CNS, central nervous system; SP, substance P; SPR, SP
receptor; SPR-ir, SPR immunoreactivity.
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the exception of the 1-min time point, where 5 ul of 1078 M
SP was injected over 30 sec. Control injections were made into
the contralateral striatum. Fifteen rats received injections of
107¢ M SP in one striatum and either vehicle alone (5 rats),
needle placement alone (5 rats), or 10~* M RP-67,580 (5 rats)
in the contralateral striatum. To examine whether a selective
nonpeptide SPR antagonist could block SP-evoked SPR in-
ternalization, 5 rats received unilateral injection of 1074 M
RP-67,580 followed 10 min later by an injection of 108 M SP
in the same site. To examine the time course of SP-evoked SPR
internalization, 12 rats were injected with 108 M SP and
allowed to survive from 30 sec to 24 hr after the injection. To
examine the specificity and dose dependency of tachykinin-
induced SPR internalization, 36 rats were injected unilaterally
with either 10710, 10~8, 10~ or 10~* M SP, neurokinin A, or
neurokinin B (3 rats at each dose for each tachykinin) and the
animals were sacrificed 5 min after injection.

Immunohistochemical Examination of the SPR. After the
appropriate survival time the rats were perfused through the
ascending aorta with 100 ml of 0.1 M phosphate-buffered
saline (PBS; 154 mM NaCl/5.7 mM Na,HPO,;/0.9 mM
KH,PO,, pH 7.4, 22°C) followed by PBS/10% formaldehyde
(pH 7.4, 4°C). After perfusion the brain was removed, blocked
in the transverse plane, postfixed in PBS/10% formaldehyde
(pH 7.4, 4°C, 6 hr), and placed in PBS/30% sucrose (pH 7.4,
4°C, 24 hr). The brains were then serially sectioned (60 m) on
a sliding microtome and collected in PBS. The sections were
washed three times in PBS/1% normal goat serum/0.1%
saponin (pH 7.4, 22°C) and then incubated for 12 hr in this
solution containing the anti-SPR antibody (no. 11884-5) at
1:5000 (pH 7.4, 22°C). The tissue sections were then washed for
30 min at 22°C in PBS (pH 7.4) and incubated with secondary
antibody solution (pH 7.4) for 2 hr at 22°C. This solution was
identical to the primary antibody solution except that cyanine
(Cy3)-conjugated donkey anti-rabbit IgG (no., 711-165-152;
Jackson ImmunoResearch) was present (1:600) instead of
anti-SPR. Finally, the tissue sections were washed for 20 min
in PBS (pH 7.4, 22°C), mounted onto gelatin-coated slides, and
coverslipped in PBS/90% glycerol containing 1% p-phenyl-
enediamine to reduce photobleaching. For immunogold light
microscopy and electron microscopy the tissue was processed
as described (17, 18).

Measuring the Spread of the Injected SP. To quantify SPR
internalization, we first determined the effective spread of the
injected SP. This was done by performing the same stereotaxic
injections as described above, except that we added 100,000
cpm of [!%T]Bolton-Hunter reagent-labeled SP to 5 ul of 10~8
M SP. This solution was injected over 5 min, the rat was
sacrificed 5 min later, the brain was processed for autoradiog-
raphy (9), and the slide-mounted tissue sections were placed in
apposition to B-max Hyperfilm (Amersham) alongside '2°I-
Microscales (Amersham). After 5-7 days the film was devel-
oped in Kodak D-19 developer, fixed, and washed. The
autoradiograms were analyzed by quantitative densitometry
with a computerized image analysis program (NIH IMAGE 1.51).
We determined that a uniformly high concentration of 125I-SP
was present 2.0 mm on either side of the needle tract. Using
this as an estimate of the effective spread of SP after injection,
we sampled neurons within 1.0 mm of the needle tract.

Quantifying the Number and Extent of SPR Internalization.
To examine the sites of internalization within the cell, sections
were examined with an MRC-500 confocal imaging system
(Bio-Rad) and an Olympus BH-2 microscope equipped for
epifluorescence. Both microscopes were set up as described
(18, 19).

To determine the percentage of neurons showing intense
internalization, sections were examined at X600 with a Leitz
Orthoplan II microscope equipped for fluorescence. Any cell
showing >20 SPR* endosomes per cell body was operationally
defined as having undergone significant SPR internalization.
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To determine the total number of cell bodies showing SPR*
internalization within 1.0 mm on either side of the injection
needle tract, immunostained sections were viewed through a
1.0-cm? eyepiece grid, which was divided into units of 1 mm X
1 mm, and the total number of SPR* cell bodies and the
number of SPR* cell bodies showing significant SPR™* inter-
nalization were counted.

Statistical Analysis. Results are expressed as mean = SEM.
Differences between groups were examined by ANOVA and
Student’s ¢ test run on STATWORKS (Computer Associates, San
Jose, CA). P < 0.05 was considered statistically significant.

RESULTS

Cellular Distribution of SPR Immunoreactivity (SPR-ir) in
Normal Striatum. In normal unstimulated rat striatum, SPR-ir
is expressed in 5-10% of medium and large aspiny neurons
(Figs. 14 and 24). In the cell bodies most SPR-ir is concen-
trated on the neuronal membrane, effectively outlining the
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FiG. 1. SP-induced internalization of SPR-ir and morphological
reorganization of dendrites in striatal neurons. Digitized confocal
images show striatal neurons after injection of vehicle (4 and B) and
after injection of SP (C and D). The fluorescently labeled SPR-ir
appears white. In an unstimulated striatal neuron (4) most of the
SPR-ir is associated with the surface of the neuron, and few intracel-
lular SPR* endosomes are visible. However, 5 min after injection of
5 ul of 10~8 M SP (C), a striatal neuron shows a loss of SPR-ir from
the cell surface and a massive increase in intracellular SPR* endo-
somes (>100 endosomes per cell body). B and D show dendrites of
striatal neurons after injection of vehicle (B) or SP (D). In addition to
the internalization of SPR-ir within the varicosities, there is also a
morphological reorganization, changing the dendrites from roughly
cylindrical structures to ones characterized by large, swollen varicos-
ities connected by thin segments. (Bar in 4 = 30 um in 4 and C; bar
in B = 10 pm in B and D).
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Normal

labeled neurons (Figs. 14 and 2 A4, C, and E). In addition, a
relatively small amount of SPR-ir is present intracellularly in
endosomes (0.1-0.7 um in diameter), with most SPR™ striatal
neurons having <5 SPR* endosomes per cell body and none
having >20 endosomes per cell body (Figs. 14 and 34). At the
light microscopic level, we defined an endosome as any
intracellular organelle 0.1-0.7 um in diameter that showed
intense SPR-ir.

In the dendrites of SPR* neurons, SPR-ir is rather homo-
geneously associated with the neuronal plasma membrane
(Fig. 1B). However, in ~5% of the SPR* distal dendrites,
intense SPR-ir is also associated with varicosities. Within these
SPR-immunoreactive varicosities, clustering of SPR-
immunoreactive endosomes can be seen (Fig. 1D). Although
SPR* endosomes are also occasionally observed in the non-
varicose dendrites, the concentration of SPR* endosomes
within the nonvaricose segments is much lower than that
observed in the varicosities.

Internalization of SPR in Cell Bodies After SP Injection.
The distribution of SPR-ir in the striatum is markedly altered
after injection of 10~ M SP (Figs. 1C, 2B, and 3B). One
minute after SP injection nearly 60% of the SPR* neurons
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FiG. 2. Translocation of the
SPR from the outer cell membrane
into intracellular endosomes. Sil-
ver-enhanced immunogold bright-
field micrographs (4 and B) and
electron micrographs (C-F) show
the morphology of SPR* neurons
and their dendrites in the unstimu-
lated striatum (4, C, and E) and in
the contralateral stimulated stria-
tum (B, D, and F) 5 min after
injection of 5 ul of 10-8 M SP.
SPR-ir appears as dark particles.
At the light microscope level, after
SP injection (B), there is marked
increase in the number and stain-
ing intensity of the SPR* dendritic
varicosities compared with the un-
stimulated striatum (4). The elec-
tron micrographs (C-F) show
SPRs, identified by dark, electron-
dense colloidal gold particles (ar-
rowheads), undergoing transloca-
tion from the plasma membrane
into the cytoplasm in the cell body
(C and D) and dendrites (E and F).
[Bars = 100 um (4 and B), 1 um (C
and D), or 0.5 um (E and F).]

within the injection zone (<1.0 mm from the needle tract)
exhibit internalization of SPR (>20 SPR* endosomes per cell
body; Fig. 4). These SPR* endosomes are 0.1-0.7 um in
diameter and the increase in the number of SPR* endosomes
per cell body is accompanied by a substantial decrease in the
SPR-ir associated with the plasma membrane of the same
neuron as seen by electron microscopy (Fig. 2C vs. 2D and Fig.
2E vs. 2F). Not all SPR* cells within the 1.0-mm injection zone
exhibit a substantial increase in SPR* endosomal internaliza-
tion. Neurons that demonstrate an increase in endosomal
SPR-ir within their cell bodies can be found adjacent to
neurons that have surface SPR-ir, with no increase in SPR*
endosomes.

Control experiments included placing the injection needle
into the striatum for 5 min without any injection, injection of
vehicle alone, and injection of 5 ul of 1078 or 107 M
RP-67,580 alone. None of these injections significantly altered
the distribution of SPR-ir in SPR* neurons, either inside or
outside the zone of injection. We also injected 107* M
RP-67,580 followed 10 min later by an injection of 10-8 M SP.
Prior injection of the nonpeptide SPR antagonist produced a
>80% reduction in the number of striatal neurons showing
significant SPR internalization.
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FiG. 3. Number of SPR+* endosomes per cell body in neurons in the normal striatum (4) and in the striatum 5 min after 10-3 M (B) or 10~*
M (C) SP injection. By confocal optic sectioning, counts were made of the total number of SPR* endosomes per cell body in neurons within 1
mm of the injection zone, which was determined by examining the spread of 1251-SP.

Internalization of SPR in Dendrites after SP Injection. The
most striking SP-induced change in SPR* striatal neurons
occurs in the distal dendrites (Figs. 1D and 2B). Injection of
SP induces SPR internalization as well as a structural reorga-
nization of the dendrites. Normal SPR* distal dendrites have
a rather uniform diameter, with SPR-ir essentially outlining
the outer cell membrane (Figs. 1B and 24). One minute after
injection of 10~8 M SP, the majority of SPR* dendrites appear
as large, swollen varicosities connected by thin fibers which are
<20% the diameter of the swollen varicosities (Figs. 1D and
2B). Thus, at low power each dendrite now appears as a chain
of intense SPR-immunoreactive varicosities, without an obvi-
ous intervening connecting fiber (Fig. 2B). At high magnifi-
cation it is evident that the swollen, intensely SPR-
immunoreactive varicosities are packed with SPR* endo-
somes, whereas the thin fibers that connect these varicosities
are devoid of endosomes (Fig. 1D).

Time Course of SPR Internalization After SP Injection. The
initial increase and subsequent decrease in SP-induced SPR*
endosomes are very rapid. One minute after injection of 108
M SP nearly 60% of the labeled neurons within the injection
zone exhibit SPR internalization (Fig. 4). Equally dramatic is
how quickly the number of SPR* endosomes per cell body
decreases. Thirty minutes after SP injection, <10% of SPR*
neuronal cell bodies show significant SPR™* internalization. In
parallel with this increase and subsequent decrease in endo-
somal SPR-ir are a decrease and increase, respectively, in the
SPR-ir associated with the plasma membrane. Thus, as the
concentration of intracellular endosomal SPR-ir increases,
there is a concomitant decrease in SPR-ir associated with the
outer cell membrane.

SP-Evoked Internalization of SPR in Both Neurons and
Dendrites Is Dose-Dependent and SP-Specific and Is Blocked
by the Nonpeptide SPR Antagonist RP-67,580. Control exper-
iments show that the SP-induced internalization of the SPR is
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Fic.4. Time course of SPR* internalization after injection of 10~8
M SP into the striatum. Neuronal cell bodies that contained >20
endosomes per cell body are considered to have internalized the SPR.
Maximal internalization is observed 1 min after injection, the earliest
time point examined.

dose-dependent, with an ECsg of 0.93 nM. The ECs is 21 nM
for neurokinin A and >1.0 uM for neurokinin B. These ECsq
values correspond closely to the affinities of these peptides at
the rat SPR (9). SPR internalization appears to be due to
receptor activation rather than simple ligand binding, since
injection of 5 ul of 10~* M RP-67,580, which also binds the
SPR, but at a different site than SP (20), produces no
significant internalization of the SPR.

DISCUSSION

This report demonstrates that in the rat CNS in vivo, a
prototypical G protein-coupled receptor, the SPR (NK-1
receptor) undergoes rapid internalization in response to bind-
ing to its native agonist. The SP-evoked internalization occurs
in both the cell body and the dendrites. Since the increase in
endosomal SPR is paralleled by a loss of SPR-ir in the plasma
membrane of both the cell body and dendrites, it is likely that
the majority of the internalized SPR arises from the SPR that
is present in the neuronal plasma membrane. Our data also
suggest that the SPRs, which are present at both synaptic
specializations and “nonsynaptic” sites (18), are functional,
since SPRs at both sites undergo rapid internalization after
agonist binding.

Our results provide insight not only into the mechanisms of
SP-induced SPR internalization but also into those of several
other G protein-coupled receptors. From data generated
largely in studies on cultured cells transfected with cDNA
encoding a G protein-coupled receptor and thus expressing
high concentrations of the receptor, the following features of
G protein-coupled receptors that undergo internalization have
begun to emerge (4-7). After the initial agonist-receptor
interaction, which induces signal transduction, G protein-
coupled receptors undergo phosphorylation, endosomal inter-
nalization, dissociation from the ligand in the endosome,
dephosphorylation, and finally receptor recycling back to the
plasma membrane. After agonist exposure there is frequently
a relatively long period (2-60 min) of tachyphylaxis—i.e.,
further application of the agonist does not evoke receptor
signaling. This is followed by gradual receptor resensitization.

The phosphorylation of several G protein-coupled recep-
tors, including the SPR and the B;-, and B,-adrenergic recep-
tors, is mediated by a B-adrenergic receptor kinase (21, 22).
Receptor phosphorylation, at least for the B, receptor, appears
to be responsible for initial acute homologous desensitization.
After signal transduction, this entire phosphorylated ligand-
receptor complex is internalized into acidic endosomes, which
is thought to facilitate dissociation of the ligand-receptor
complex and dephosphorylation of the receptor, which is
required for reactivation (5, 23). The rapid and massive
internalization of the SPR may also contribute to the desen-
sitization of the receptor; sequestering tke receptor makes it
physically inaccessible to extracellular hydrophilic agonists.
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Our results show that the rapid internalization of the SPR is
paralleled by a loss of SPR-ir from the cell surface and that
within 30 min after agonist challenge, the majority of the
SPR-ir has reappeared at the cell surface. Given the time
required for new protein synthesis, the massive translocation
of the receptor that occurs after occupancy by SP, and the
previous demonstration of receptor recycling in an epithelial
cell system (14), our results strongly suggest that the majority
of the internalized SPRs in vivo are ultimately recycled to the
plasma membrane after endosomal internalization, rather
than being degraded and replaced in the membrane by newly
synthesized receptors.

A previous study provided light microscopic and ultrastruc-
tural evidence that SPR-ir is present along the majority of the
neuronal outer cell membrane, in both the cell body and the
dendrites (18). This relatively uniform distribution of SPRs
along the plasma membrane is in sharp contrast to the rather
strict synaptic localization observed for some glutamate (24,
25) or glycine (26, 27) receptors which are members of the
ligand-gated ion-channel receptor family. In response to re-
ceptor binding, several members of the ligand-gated ion-
channel family undergo receptor clustering at specific sites in
the outer cell membrane rather than internalization (28). This
is in sharp contrast to the present results, which show that in
the case of the G protein-coupled SPR, in vivo endosomal
internalization occurs in all parts of the cell where the SPR is
normally present, including every dendrite that the agonist
appears to have reached.

The concept that activation of a G protein-coupled receptor
can produce a structural reorganization of the dendrite within
minutes of ligand-receptor interaction is concordant with
observations suggesting that neurons display substantial syn-
aptic plasticity following stimulation (29, 30). Our data also
suggest that the internalization and structural reorganization
that occurs in response to an agonist should alter the electro-
physiological properties of the stimulated dendrite. Aside
from the inaccessibility of the internalized receptor to hydro-
philic extracellular agonists, the striking changes in the mor-
phology of the dendrites should alter the passive electrical
properties of the dendrite (31). Our results may be important
in linking neurochemical events to long-term changes in cell
morphology, since repeated receptor activation has been re-
ported to produce long-term cytoskeletal changes (32). Just
what is unique about the dendritic sites at which varicosities
occur is unclear, but our results imply that there must be a
cytoskeletal framework to guide the receptor to the varicosity
and then back again to the outer cell membrane.

In summary, our results suggest that rapid receptor inter-
nalization of G protein-coupled receptors occurs in the CNS
in vivo in response to agonist binding. Particularly striking is
the rapid time course of both the initial appearance and
subsequent disappearance of the internalized SPR. This mas-
sive internalization is accompanied by a structural reorgani-
zation of the distal dendrites. Given the extent and speed of the
translocation of these receptors, we suggest that the ultimate
fate of the majority of the internalized receptors is recycling
rather than degradation. We hypothesize that the present
results are applicable to several other G protein-coupled
receptors and that many of the findings concerning G protein-
coupled receptor internalization and recycling that have been
made in in vitro systems are directly applicable to the CNS in
vivo.
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