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In vivo somatosensory stimuli evoked the release of substance P from primary afferent
neurons that terminate in the spinal cord and stimulated endocytosis of substance P
receptors in rat spinal cord neurons. The distal dendrites that showed substance P
receptor internalization underwent morphological reorganization, changing from a tubular
structure to one characterized by swollen varicosities connected by thin segments. This
internalization and dendritic structural reorganization provided a specific image of neu-
rons activated by substance P. Thus receptor internalization can drive reversible structural
changes in central nervous system neurons in vivo. Both of these processes may be

involved in neuronal plasticity.

Receptors coupled to heterotrimeric GTP-
binding proteins (G protein—coupled recep-
tors) make up a large family of receptors that
is widely distributed in the mammalian cen-
tral nervous system (CNS). Members of this
family include receptors for classical neuro-
transmitters such as norepinephrine, acetyl-
choline, dopamine, and serotonin, as well as
receptors for neuropeptides (). In trans-
fected cells in culture, after the initial ago-
nist-receptor interaction that induces signal
transduction, these G protein—coupled re-
ceptors typically undergo phosphorylation,
endocytosis, and dissociation from ligand in
the endosome, and finally the receptors are
recycled to the plasma membrane (2). We
investigated whether CNS activity in vivo
produced a similar agonist-induced receptor
translocation.

We examined substance P (SP)—induced
internalization of the SP receptor (SPR;
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also known as the tachykinin NK-1 recep-
tor) in the spinal cord. Dorsal root ganglion
neurons synthesize and transport SP to the
spinal cord (3), where it is released upon
noxious stimulation of the innervated pe-
ripheral tissue (4). When SP is released in
the spinal cord, it diffuses from the presyn-
aptic terminal and interacts with postsyn-
aptic SPRs, which are expressed by a subset
of spinal cord neurons (5, 6). SP also ex-
cites spinal cord nociresponsive neurons (7)
and evokes a short-lived pain behavior (8).
In vitro studies in transfected cells show
that the. SPR is a prototypical G protein—
coupled receptor that undergoes agonist-in-
duced phosphorylation and internalization
(9). In the spinal cord, the SPR is distributed
in a lamina-specific manner, being concen-
trated in superficial lamina 1 (Fig. 1) where
SP-containing primary afferent fibers also
terminate (3). Optical sectioning with the
confocal microscope or electron microscopy
demonstrates that in the unstimulated spinal
cord, most of the SPR immunoreactivity is
present in the plasma membrane of neuronal
cell bodies and dendrites, so that more than
70% of the somatic and dendritic plasma
membrane of these neurons is imbued with
SPR immunoreactivity (6). Although some
SP terminals directly contact SPR-immuno-
reactive plasma membranes, no more than
15% of the SPR-containing membrane in
spinal neurons is apposed to synaptic termi-
nals (6), which suggests that SPRs are
present at synaptic and nonsynaptic sites.
To test whether in vivo somatosensory
stimulation could induce the internalization
of the SPR, anesthetized rats received either
a pinch of one hindpaw or injection of 100
ug of capsaicin into one hindpaw (10), and
then the spinal SPR was localized immuno-
histochemically (I11). In the normal un-
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stimulated lumbar spinal cord, or in the
spinal cord contralateral to the pinch or
capsaicin injection, we detected no lamina I
SPR-positive neurons with more than five
SPR-positive endosomes per cell body.
However, 5 min after injection of capsaicin,
the distribution of SPR immunoreactivity in
ipsilateral lamina I spinal cord neurons was
significantly altered, and 70% of lamina I
SPR-positive cell bodies (Figs. 2 and 3) ex-
hibited more than 20 endosomes per cell
body (12); this effect was dose-dependent
(13). Similar results were obtained with a
pinch; 5 min after the pinch, 67% of the
lamina I SPR-positive cell bodies had more
than 20 endosomes per cell body. Further-
more, after both pinch and injection of cap-
saicin, this internalization of the SPR was
accompanied by a substantial decrease in
the SPR immunoreactivity on the plasma
membrane of the same neuron (Fig. 2) and
by an increase in the intensity of the total
fluorescence (14). Thus, the SPRs at synap-
tic and nonsynaptic sites (6) were function-
al, because SPR immunoreactivity was lost
over the entire surface of the lamina I SPR-
positive neurons that were exposed to SP.
The most striking SP-induced change in
the SPR-positive spinal cord neurons oc-
curred in the distal dendrites less than 4 pm
in diameter (Figs. 2 and 4). Somatosensory
stimulation in the form of either pinch or
capsaicin injection induced not only SPR
internalization but also a structural reorgani-
zation of the distal dendrites. In the unstimu-
lated spinal dorsal horn, the distal dendrites
of SPR-positive neurons varied little in di-
ameter along their length (=1 pm over 20
pm), and the SPR immunoreactivity essen-

Fig. 1. A confocal pseudocolor image of SPR
immunoreactivity (yellow) in a transverse section
of the rat lumbar spinal cord (L4 level) 5 min after a
unilateral injection of capsaicin into the right foot-
pad. There is an apparent increase in SPR immu-
noreactivity in the medial superficial lamina on the
stimulated (right) side, which corresponds to the
area of the lumbar cord that is known to receive
nociceptive inputs from the right footpad. The ap-
parent increase in SPR on the stimulated side is
probably due to the fact that as the SPR is inter-
nalized, it is concentrated in endosomes, which
makes it easier to detect (74). Scale bar, 0.4 mm.
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tially outlined the plasma membrane (Figs.
2A, 4A, and 5). Five minutes after either
pinch or injection of capsaicin, the majority
of SPR-positive distal dendrites in lamina I
appeared as strings of swollen varicosities
(2.0 to 8.0 pm in diameter) connected by

Fig. 2. Fluorescent confo-
cal image of lamina | spinal
neurons in the lumbar cord
(L4 level). In the contralat-
eral unstimulated dorsal
horn of the spinal cord (A
and B), the SPR immuno-
reactivity (red and yellow) is
associated with the so-
matic (A) and dendritic (B)
cell surface of the neurons;
few intracellular SPR-posi-
tive endosomes are visible.
Five minutes after injection
of 100 pg of capsaicin into
the hindpaw of the rat, the
neuronal cell bodies (C)
and dendrites (D) in the ip-
silateral dorsal horn show
a loss of SPR immunore-
activity from the cell sur-
face and an increase in in-
tracellular ~ SPR-positive
endosomes. Additionally,
the thin, distal dendrites in
laminae | and Il show a
morphological reorganiza-
tion by changing from a
structure of rather uniform
diameter (B) to one char-
acterized by large swollen
varicosities (packed with
SPR-positive endosomes)
connected by thin fibers
(D). Images in (A) and (C)

thin fibers whose diameters were 10 to 50%
of those of the swollen varicosities (Figs. 2D
and 4B). When the dendrites were viewed at
high magnification (Fig. 2D), the swollen
SPR-positive varicosities were found to con-
tain many SPR-positive endosomes (4 to 10

are the result of projection of 35 optical sections taken at 0.6-pum intervals, whereas (B) and (D) are the result
of projection of 8 optical sections at 0.6-pm intervals. Scale bar in (A) and (C), 20 wm; in (B) and (D), 10 um.

Time (min)

&

o c

§§100' L y i ) ) 1003"%
oS T.N

o

6§ & 180 28§
5N CH
oF 'og
28 60 60 5 ©
[ N =
£5 . o 33
2 2%
ag 20 20 ZE
[+ b 0w
&2 o——t—t+— 0 2o
4 "0 10 20 30 40 5 e ££

» o

<

(]

Fig. 3. Time course of capsaicin-induced (100 pg)
SPR internalization in cell bodies and structural
reorganization of distal dendrites in ipsilateral lam-
ina | neurons. Neuronal cell bodies (open circles)
that contained >20 SPR-positive endosomes per
cell body were considered to have internalized the
SPR. SPR-positive distal dendrites (solid circles)
that had at least three varicosities >3 wm in diam-
eter, connected by fibers less than 1.5 wm in di-
ameter over a distance of 50 um, were considered
to have undergone a structural reorganization.
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Fig. 4. Structural reorganiza-
tion of lamina | SPR-positive
distal dendrites after so-
matosensory stimulation. In
the unstimulated contralater-
al dorsal horn (A), SPR-posi-
tive dendrites varied little in
diameter along their length;
the SPR-positive immunore-
activity essentially outlines
the outer cell membrane.
Five minutes after injection of
100 pg of capsaicin (B),
most of the SPR-positive
thin, distal dendrites have
undergone a structural reor-
ganization and now are char-
acterized by swollen varicos-
ities connected by thin fibers.
Both images were devel-
oped by projection of 40 op-
tical sections taken at
0.6-um intervals. Scale bar,
20 pm.
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per varicosity), whereas the thin fibers that
connected these varicosities were virtually
devoid of endosomes (less than two per 10
pm of length).

Although SPR internalization appeared
to occur in all dendrites in which the SPR
was occupied by the agonist, only the thin,
distal dendrites showed a structural reorgani-
zation. One possible explanation for this is
that in the smaller diameter dendrites, the
fraction of the total plasma membrane that is
removed with each internalized receptor is
much higher than that for larger diameter
dendrites. Because the adjacent plasma
membrane is internalized together with the
receptor (2), we hypothesize that when a
certain critical percentage of the plasma
membrane is internalized, the dendrite un-
dergoes a structural reorganization, because
the surface area decreases while the volume
stays the same or increases. Also, because
changes in the diameter and morphology of a
dendrite should alter its passive electrical
properties (15), these data lead us to suggest
that morphological reorganization of the dis-
tal dendrites will alter the integrative prop-
erties of CNS neurons.

The internalization of SPRs was greatest
in the region of maximal SP release, laminae
I and II. This finding was particularly evi-
dent in the SPR-positive neurons with cell
bodies in lamina III, which send dorsally
directed dendrites into laminae I and III
(Fig. 5). Although internalization of the SPR
was evident in the dorsally directed dendrites
of the lamina IIl neurons, no statistically
significant increase in SPR-positive endo-
somes was observed in the cell bodies at 1
min to 24 hours after capsaicin injection.
These data also suggest that, unlike the neu-
rotensin receptor, the SPR-positive endo-
somes in these neurons were not retrogradely




transported to the cell body after internaliza-
tion (16).

Agonist-induced SPR internalization
and dendritic structural reorganization were
reversible (Fig. 3). Sixty minutes after cap-
saicin injection, the number of SPR-posi-
tive neuronal cell bodies that showed high
concentrations of internalized SPR-positive
endosomes had returned to the normal un-
stimulated levels seen on the contralateral
side. The structural changes observed in the
SPR-positive distal dendrites followed a
similar time course; the distal dendrites re-
turned to a tubular morphology within 1
hour after the injection (Fig. 3).

Because internalization is activity depen-
dent, it is possible that translocation of G
protein—coupled receptors could be used as a
pharmacologically specific index of neuronal
activity. Thus, agonist-dependent endocyto-
sis of a signal-transducing receptor not only
provides a method for identifying the ana-
tomical components of highly specific neu-
ronal pathways, but because the extent of
receptor endocytosis is dose-dependent, this

technique also offers the possibility of quan-
tifying neurotransmitter release locally at the
physiologically relevant synapses or at the
postsynaptic signaling sites.

The finding that activation of a G pro-
tein—coupled receptor produced a structural
reorganization of the dendrite within min-
utes of receptor activation agrees with obser-
vations that suggest that neurons within the
spinal cord display substantial plasticity after
somatosensory stimulation (17). Because re-
peated receptor activation has been reported
to produce long-term cytoskeletal changes
(18), our results also may be important in
linking short-term neurochemical events to
long-term changes in neuronal morphology.

Our results also suggest that many of the
findings concerning G protein—coupled re-
ceptor internalization and recycling in in
vitro systems (2) are directly applicable to
the CNS in vivo. Determination of how
each G protein—coupled receptor interacts
with cytoskeletal elements as the receptor is
internalized and definition of the cytoskel-
etal elements involved in the stimulus-

Fig. 5. Fluorescent confocal image of a lamina Ill neuron, with SPR-positive dendrites projecting dorsally
into laminae | and Il 5 min after capsaicin injection. Whereas nearly all the SPR-positive dendrites that extend
into laminae | and Il, where SP is released by primary afferent neurons, show evidence of SPR internalization,
only the thin (<4.0 um in diameter) distal dendrites show evidence of structural reorganization. This image
was developed by projection of 35 optical sections taken at 0.6-pm intervals. Scale bar, 22 pm.
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evoked structural reorganization of the den-
drites should shed light on the cellular
mechanisms underlying neuronal desensiti-
zation and plasticity.
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Integration of Visual and Linguistic Information
in Spoken Language Comprehension

Michael K. Tanenhaus,” Michael J. Spivey-Knowlton,
Kathleen M. Eberhard, Julie C. Sedivy

Psycholinguists have commonly assumed that as a spoken linguistic message unfolds
over time, it is initially structured by a syntactic processing module that is encapsulated
from information provided by other perceptual and cognitive systems. To test the effects
of relevant visual context on the rapid mental processes that accompany spoken language
comprehension, eye movements were recorded with a head-mounted eye-tracking sys-
tem while subjects followed instructions to manipulate real objects. Visual context influ-
enced spoken word recognition and mediated syntactic processing, even during the

earliest moments of language processing.

The two essential properties of language
are that it refers to things in the world and
that its grammatical structure can be char-
acterized independently of meaning or ref-
erence (I1). The autonomy of grammatical
structure has led to a long tradition in psy-
cholinguistics according to which it is as-
sumed that the brain mechanisms responsi-
ble for the rapid syntactic structuring of
continuous linguistic input are “encapsulat-
ed” from other cognitive and perceptual
systems (2), much as early visual processing
often is claimed to be structured by auton-
omous processing modules (3). This con-
trasts with a second tradition by which
language processing is inextricably tied to
reference and relevant behavioral context
(4). The primary empirical evidence that
syntactic processing is modular is that brief
syntactic ambiguities, which arise because
language unfolds over time, appear to be
initially resolved independently of prior
context. Unfortunately, it has been impos-
sible to perform the crucial test to deter-
mine whether strongly constraining nonlin-
guistic information can influence the earli-
est moments of syntactic processing, be-
cause experimental techniques that provide
fine-grained temporal information about
spoken language comprehension could not
be used in natural contexts. However, by
recording eye movements (5) as partici-
pants followed instructions to move objects
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(for example, “Put the apple that’s on the
towel in the box”), we were able to monitor
the ongoing comprehension process on a
millisecond time scale. This enabled us to
observe the rapid mental processes that ac-
company spoken language comprehension
in natural behavioral contexts in which the
language had clear real-world referents.
Our initial experiments demonstrated
that individuals processed the instructions
incrementally, making saccadic eye move-
ments to objects immediately after hearing
relevant words in the instruction. Thus the
eye movements provided insight into the
mental processes that accompany language
comprehension. For example, when asked to
touch one of four blocks that differed in
marking, color, or shape, with instructions
such as “Touch the starred yellow square,” a
person made an eye movement to the target
block an average of 250 ms after the end of
the word that uniquely specified the target
with respect to the visual alternatives (for
example, after “starred” if only one of the
blocks was starred, and after “square” if there
were two starred yellow blocks). With more
complex instructions, individuals made in-
formative sequences of eye movements that
were closely time-locked to words in the
instruction that were relevant to establishing
reference. In one experiment, subjects were
given a complex instruction such as “Put the
five of hearts that is below the eight of clubs
above the three of diamonds,” with a display
composed of seven miniature playing cards,
including two fives of hearts. As the person
heard “the five of hearts,” she looked at each
of the two potential referents successively.
After hearing “below the,” she immediately
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