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Emetic Reflex Arc Revealed by Expression of the Imnmediate-early

Gene c-fos in the Cat
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The organization of the central neuronal circuitry that pro-
duces vomiting was explored by mapping the distribution of
c-fos protein (Fos)-like immunoreactivity (FLI) as a monitor
of functional activity. The brainstem and spinal cord were
examined in cats administered multiple emetic drugs (cis-
platin, lobeline, protoveratrine, naloxone, apomorphine) or
control saline injections. Some animals were decerebrated,
paralyzed, and artificially ventilated to avoid possible Fos
expression induced by sensory feedback or fluid depletion
during vomiting. Fictive vomiting was identified in these an-
imals by a characteristic pattern of respiratory muscle nerve
(phrenic and abdominal) coactivation. Tissues were immu-
noprocessed using an antibody raised against amino acids
1-131 of Fos and the avidin-biotin peroxidase complex
method. Enhanced nuclear FLI was observed in experimen-
tal animals along portions of the sensorimotor emetic reflex
arc, including the nodose ganglia, area postrema, nuclei of
the solitary tract (especially medial and subpostrema sub-
nuclei), intermediate reticular zone of the lateral tegmental
field, nucleus retroambiguus, C2 inspiratory propriospinal
cell region, and dorsal vagal and phrenic motor nuclei. En-
hanced FLI was also detected in the raphe magnus, sub-
retrofacial nucleus, and spinal dorsal horn. Regions showing
no recognizable differences in FLI between experimental
and control animals included the vestibular, cochlear, spinal
trigeminal, subtrigeminal, and lateral reticular nuclei. Only
minor differences were observed in the distributions of FLI
between intact and decerebrate animals. No unique, well-
defined group of labeled neurons that might function as a
‘“‘vomiting center’” could be identified. Instead, the pattern
of c-fos expression suggests that neurons involved in co-
ordinating the emetic response may radiate from the area
postrema and nucleus of the solitary tract to an arc in the
lateral tegmental field implicated in somato-autonomic in-
tegration.
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Nausea and vomiting (emesis) are precipitated by diverse stim-
uli, yet their neural substrates remain incompletely understood
(Davis et al., 1986b; Carpenter, 1989; Kucharczyk et al., 1991;
Bianchi et al., 1992). The activity-driven expression of c-fos
protein (Fos) has been used as a monitor of functional activation
of second- and higher-order neurons in several systems (e.g.,
Sagar et al., 1988; Dragunow and Faull, 1989; Bullitt, 1990;
Erickson and Millhorn, 1991; Wan et al., 1992). c-fos is an
immediate-early gene that is rapidly expressed in response to
neuronal activation. After being synthesized in the cytoplasm,
Fos is rapidly translocated to the nucleus where, with the Jun
protein, it forms a heterodimer that regulates the expression of
other genes (e.g., Morgan and Curran, 1989, 1991; Sheng and
Greenberg, 1990). Thus, Fos is a marker of functional activity,
with resolution at the level of the single cell nucleus, that af-
forded a means of investigating the neuronal circuitry generating
vomiting,.

We examined the central expression of Fos-like immuno-
reactivity (FLI) induced by vomiting in cats. Possible Fos ac-
tivation due to fluid or electrolyte imbalance or to sensory feed-
back during the motor act of vomiting was avoided by monitoring
Fos induction following “fictive vomiting” in decerebrate, par-
alyzed animals (Miller et al., 1987). Lesion studies have dem-
onstrated that the critical circuits for coordinating vomiting are
located within the medulla caudal to the facial nucleus (Fukuda
and Koga, 1991; A. D. Miller, S. Nonaka, and J. Jakus, unpub-
lished observations). We therefore focused our attention on this
region of the brainstem as well as on selected spinal segments
that harbor respiratory and autonomic motoneurons.

A preliminary report of this work has been presented (Miller
and Ruggiero, 1992).

Materials and Methods

Experimental design. Experiments were carried out on six adult cats.
Three cats were treated with a combination of emetic drugs whereas
three control animals were administered saline instead of emetic drugs.
Data were obtained from one pair of experimental and control animals
that did not undergo any surgical intervention other than intraperitoneal
injections. Experiments were carried out in two other pairs of cats that
were decerebrated, paralyzed, and artificially ventilated. In these ani-
mals, we measured the occurrence of fictive vomiting rather than actual
vomiting. Fictive vomiting was identified by a characteristic series of
bursts of coactivation of diaphragmatic (phrenic) and abdominal motor
nerves that would produce retching and expulsion in nonparalyzed an-
imals (Miller et al., 1987). Pairs of drug-treated and control animals
were run in parallel on the same days. These experiments were approved
by the Institutional Animal Care and Use Committee.

Surgical procedures. Decerebration was performed on four animals
under halothane (Fluothane, Ayerst)}-nitrous oxide anesthesia, which
was discontinued following the completion of all surgical procedures.
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Figure 1. Phrenic and abdominal nerve discharges are illustrated during respiration and (fictive) vomiting. The two motor nerves, which are
active during different phases of respiration, are coactivated during vomiting. Each emetic episode consists of several bursts of nerve discharge and
typically terminates with an expulsion (exp) phase that is characterized by prolonged abdominal discharge. Shown are three episodes of fictive
vomiting, consisting of 13 bursts of nerve coactivation. Note that nerve discharge increases during fictive vomiting in comparison to respiration.

The trachea was intubated, and cannulas placed in the femoral artery
to monitor blood pressure and in the femoral veins for drug adminis-
tration. The animals were temporarily placed in a stereotaxic frame.
Intercollicular decerebration was performed after bilateral ligation of
the carotid arteries. Bipolar cuff recording electrodes were attached to
the central ends of the cut C5 phrenic and L1 abdominal muscle nerves
(Miller et al., 1987). The animals were then removed from the stereo-
taxic apparatus, in an effort to minimize sensory inputs, and placed on
their side. Rectal temperature was kept at 36-37°C using a heating lamp.
The animals were paralyzed with gallamine triethiodide (Flaxedil, Davis
+ Geck) and artificially ventilated with room air (24 cycles/min). End-
tidal CO, was maintained between 4-6%. Phrenic and abdominal mus-

! cle nerve activities were amplified, full-wave rectified, low-pass filtered
by with a 10 msec time constant, and recorded on line at a sampling rate

» of 100 Hz using a PDP 11/23 computer (Digital Equipment Corp.).

: Administration of emetic drugs. Vomiting was produced in one non-
operated cat and fictive vomiting was produced in two decerebrate,
paralyzed animals using a combination of emetic drugs in an attempt
to produce a large number of emetic episodes within a circumscribed
time period and thus increase the likelihood of inducing Fos expression
along an extensive portion of the emetic reflex arc. Animals were given
asingle injection of cisplatin [ 10 mg/kg, i.p., cis-platinum (1 1) diammine
dichloride; Sigma), and then, starting an hour later, multiple (four
to six) injections of a combination of drugs were administered intra-
peritoneally to the nonoperated animal and intravenously to the de-
cerebrate animals. A typical injection consisted of 1-2 mg/kg apomor-
phine hydrochloride (Lilly), 0.5-1 mg/kg lobeline sulfate (Sigma), 1-2
mg/kg naloxone hydrochloride (Sigma), and 5-10 ug/kg protoveratrine
(Sigma). Control animals received comparable volumes of saline ad-
ministered over a similar injection schedule. Animals were continuously
monitored to ensure that they showed no signs of distress. Animals were
killed 5.5-6.5 hr after receiving cisplatin and 4-5 hr after the onset of
vomiting or fictive vomiting. Times of death corresponded to 7-8 hr
following decerebration.

Tissue processing. Animals were deeply anesthetized with sodium
pentobarbital (Nembutal, Abbott; 40 mg/kg, i.p., or 25 mg/kg, i.v.) and
perfused transcardially with saline followed by 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4. The brainstem, spinal cord segments
at C2, C5, T1-T2, T7, and L1-L2, and nodose ganglia were removed
and blocked. Identical procedures were followed in control and exper-
imental animals. The blocks of tissue were postfixed for 2-3 hr in in-
dividual vials containing 4% paraformaldehyde in 0.1 m phosphate
buffer, pH 7.4, and then cryoprotected overnight at 4°C in a solution

Figure 2. Photomicrographs of the nodose ganglia arec shown from an
experimental (4) and control (B) animal. Arrows in A indicate Fos-like

immunopositive nuclei, whereas neurons in the control ganglion (arrows
in B) do not express FLI. Data in this and all following figures are from
intact animals. Scale bar, 100 pm.

of 10% sucrose in 0.1 m phosphate buffer, pH 7.4. Frozen sections were
cut at 35 pm in the transverse plane using a sliding (sledge) microtome.
Every fourth section from the brainstem and several sections from the
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Figure 3. Photomicrographs from an experimental (41, 42) and control (B], B2) animal of transverse sections of the AP and NTS at levels rostral
(A1, BI) and caudal (42, B2) to the obex. 4/, Dramatic increases in FLI occurred in experimental animals in the area postrema (ap), nucleus
subpostrema (sp, small arrows), and ventral (v) and intermediate (in) subnuclei bordering the solitary tract (tr). Hypoglossal nucleus is indicated
by XII. A2, FLI induction in contiguous loci of caudal commissural division of NTS including medial (m), dorsal (¢), and ventrolateral (vl)
subnuclei, and in the dorsomotor vagal nucleus (X). A few labeled nuclei surround the central canal (cc). BI and B2, Note sparse labeling of similar
loci in NTS-AP on tissues from a control animal. The three small arrows in BI point to the dorsomotor vagal nucleus. Scale bars: Af and BI, 250

um; A2 and B2, 100 um.

nodose ganglia and spinal cord were processed immunocytochemically
for c-fos protein. Tissues from control and experimental animals were
processed simultaneously in separate test wells. The histologist was un-
aware of which tissues were from drug-treated versus control animals.
All incubations were carried out on a Thomas rotator table. Tissues
were collected in 0.1 M phosphate-buffered saline (PBS) (pH 7.4) in spot
test wells and washed in Tris-buffered saline (TBS) between each step.
Before incubating in the antiserum, nonspecific binding sites were blocked
by preincubating for 30 min in goat serum, diluted 1:30 in TBS. There-
after, sections were incubated in primary whole rabbit antiserum raised
against amino acids 1-131 of Fos (generously donated by Dr. T. Curran,
Roche Institute of Molecular Biology, Nutley, NJ). The antibody is
relatively specific for Fos and does not seem to recognize any of the
known Fos-related proteins (T. Curran, personal communication). Its
biochemical properties have been described (Cohen and Curran, 1990).
The antiserum was diluted 1:10,000 in TBS, containing 1% goat serum,
to which 0.2% Triton X-100 was added to facilitate tissue penetration.
All tissues were incubated for 3 d in a cold room at 4°C. Finally, tissues
were incubated in biotinylated goat anti-rabbit IgG secondary antibody
(1:200, 30-45 min) and avidin-biotin peroxidase complex (1:100, 60
min) (Vector Labs, Elite kit 6001). The bound peroxidase immuno-
reaction product was visualized by treating tissues with a 0.05% sub-
strate solution of the chromogen diaminobenzidine and 0.01% H,0,in
TBS. Some sections from both drug-treated and control animals were
processed omitting incubation in primary antibody. Sections were
washed, mounted, dehydrated, cleared, and coverslipped without coun-
terstaining.

Data analysis. Data were analyzed with a Leitz or Zeiss microscope,
plotted with a drawing tube, and photographed using Kodak Tmax 100
film. Nomenclature used follows that of Taber et al. (1960) for the raphe
nuclei, Loewy and Burton (1978) and Kalia and Mesulam (1980) for

the subnuclei of the solitary tract, Berman (1968) for the rest of the
brainstem, and Rexed (1954) for the spinal cord.

Results

Production of emesis

In two decerebrate, paralyzed preparations, totals of 143 and
159 episodes of fictive vomiting were produced over 3—4 hr.
Each emetic episode consisted of 2—12 bursts of coactivation of
phrenic and abdominal muscle nerve activity (Fig. 1), for totals
of 571 and 609 bursts of nerve coactivation, respectively, for
the two animals. In the nonoperated animal, 97 episodes of
vomiting, consisting of a total of 509 bursts of muscle cocon-
traction, were visually observed over 3.5 hr. No vomiting or
fictive vomiting occurred in control animals given saline injec-
tions.

Expression of FLI

Neurons expressing FLI exhibited wide variations in intensity
of nuclear immunoreaction product, ranging from almost black
to pale brown yet distinct from background. FLI was observed
in both experimental and control animals; however, all drug-
treated animals exhibited dramatic increases in both the inten-
sity of nuclear FLI and the number of immunolabeled nuclei
as compared to controls. No FLI was observed on histological
sections incubated in the absence of primary antibody to Fos.
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Figure 4. Photomicrographs from an experimental animal illustrating the distribution of FLI from rostral (4) to caudal (F) levels of the NTS.
Note the subnucleus gelatinosus (ge) was unlabeled (B, C). Small arrows point to FLI in the periventricular gray (4), dorsolateral (d/) subnucleus
(B), nucleus subpostrema (C, D), and the ventral border of the dorsal motor nucleus (D, F). Curved arrows in D and F point to transitional area
between the ventral (v) division of NTS and the intermediate reticular zone. ce, central subnucleus of the NTS; ic, nucleus intercalatus; m{f, medial
longitudinal fasciculus; ph, nucleus prepositus hypoglossi; iv, fourth ventricle. Other abbreviations are as in Figure 3. Bar equals 250 um.

—

Figure 5. Camera lucida drawings of transverse sections at three levels of the medulla comparing FLI in an experimental (4/-CI) versus control
(42-C2) animal. Fos-like immunopositive neurons were densely distributed in discrete nuclei of the NTS and in organized columns radially arranged
in the lateral tegmental field (LTF). See Results for details. Arrow in A1 points to subretrofacial nucleus. CX, external cuneate nucleus, DAY, dorsal
motor nucleus of the vagus; /0, inferior olive; I VN, inferior vestibular nucleus; LRN, lateral reticular nucleus (/, lateral division; m, medial division);
MAQO, medial accessory olive; MVN, medial vestibular nucleus; N4, nucleus ambiguus; NC, cuneate nucleus; NG, gracilis nucleus; NGC, nucleus
gigantocellularis; NTSr, rostral nucleus tractus solitarius; P, pyramidal tract; RB, restiform body; RF, retrofacial nucleus; RM, raphe magnus; St,
subtrigeminal nucleus; STN, spinal trigeminal nucleus; STT, spinal trigeminal tract; X, subnucleus X of IVN. Other abbreviations are as in previous
figures.
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Similar distributions of FLI were observed in intact and decer-
ebrate animals, with minor exceptions noted below. All of the
following illustrations are from the two nonoperated animals.

Distribution of FLI in the brainstem

Enhanced nuclear expression of FLI was observed in experi-
mental animals along portions of the entire emetic reflex arc,
from sensory input sites [nodose ganglia of the vagus nerve (Fig.
2), nucleus of the solitary tract (NTS), area postrema (AP) (Figs.
3-6)] to premotor internuncial [retroambiguus (Figs. SCI, 6 H-
J, 7D)] and motor [dorsal vagal (Figs. 3-6), phrenic (see Figs.
9b1, 10)] nuclei. Neurons were intensely labeled and densely
distributed within discrete nuclei of the solitary tract and along
radial sheets extending diagonally across the intermediate zone
of the lateral tegmental field (LTF) to the ventrolateral medulla
(VLM) (Figs. 5, 6).

The dramatic increases in FLI in the NTS in an experimental
versus control animal are demonstrated in the photomicro-
graphs in Figure 3. Enhanced nuclear expression of FLI was
observed in discrete subnuclei extending from the rostrally lo-
cated orosensory nucleus to the commissural division near the
spinomedullary junction (Fig. 4). Prominently labeled regions
included the rostral-lateral gustatory nucleus, the medial divi-
sion (“m” in Figs. 342, 4B—F) including the medial parvocel-
lular nucleus and, at levels bordering the obex, the subpostremal
(“sp,” Figs. 341, 4C) and central subnuclei (“ce,” Fig. 4D).
Immunoreactive nuclei in the nucleus subpostrema formed a
diagonal sheet in an area transitional with the AP. On some
sections, arrays of immunolabeled nuclei extended dorsome-
dially into the AP and ventrolaterally into the subjacent part of
the medial division of the NTS. The nucleus subpostrema was
distinguished from a prominent unlabeled cell column corre-
sponding to the subnucleus gelatinosus (“ge,” Fig. 4B), which
1s located midway between the solitary tract and the dorsal
medullary surface. The subnucleus centralis was heavily labeled
and composed of a compact core of FLI-labeled neurons sur-
rounded by a larger sphere of immunostained neurons having
a lower packing density. The intermediate subnucleus (“in,”
Figs. 341, 4C), which lines the medial convexity of the solitary
tract, contained a moderate density of neurons expressing FLI.
Fewer and less intensely labeled neurons were found in the area
dorsal and dorsomedial to the solitary tract corresponding to
the dorsal-lateral division (Figs. 342, 4B). A sparse although
well-circumscribed collection of labeled neurons occurred in
proximity to the ventral border of the solitary tract within the
ventral division (ventral and ventrolateral subnuclei, Figs.
341,A2; 4C-F). The majority of these labeled nuclei were seen
at caudal and intermediate levels of the NTS in a region tran-
sitional with the dorsal LTF. Few labeled neurons were observed
in the region immediately lateral to the solitary tract (lateral
subnucleus). The nucleus parvocellularis compactus (nucleus

parasolitarius), which is intercalated between the dorsal and
lateral subnuclei and the nucleus gracilis, or at rostral levels the
medial vestibular nucleus, was also devoid of immunoreactive
nuclei. At levels caudal to the obex, FLI was induced in the
commissural division of the NTS (Figs. 342, 4E,F).

In the reticular formation, a large percentage of nuclei acti-
vated in animals that exhibited an emetic response were located
in the intermediate reticular zone of the LTF. The labeling from
an experimental and control animal is compared at three levels
of the medulla in Figure 5, while the detailed distribution of
labeling induced in an experimental animal is illustrated at sev-
eral medullary levels in Figure 6. In control animals, those few
neurons that expressed FLI in the intermediate reticular nucleus
and VLM contained low densities of immunoreaction product.
In experimental animals, labeled neurons formed oblong or ir-
regularly shaped longitudinal columns that extended parallel to
the neuraxis from the upper cervical spinal gray to the facial
nucleus. Bridges of labeled neurons interconnected the columns.
A large number of neurons were also labeled in the pontine
LTF. However, at levels rostral to the facial nucleus, the sheets
of labeled cells were interrupted and not as well circumscribed.
Many immunoreactive neurons in the LTF were aligned with
perforating blood vessels (Figs. 6, 7B) (cf. King, 1980; King and
Knox, 1984).

Prominent immunolabeling was observed in the dorsal LTF
subjacent to the NTS, as iltustrated in Figure 74. Branches of
intensely labeled nuclei extended diagonally and bidirectionally
from this column toward the NTS and ventrolateral reticular
formation. Other distinct cell columns were recognized by en-
hanced nuclear FLI relative to control data. One was the sub-
retrofacial nucleus, a small compact column of intensely labeled
neurons in the rostral ventrolateral reticular formation subjacent
to the facial and retrofacial nuclei (diagonal arrows in Figs. SA 1,
6B-D, 7C). Another was the rostral para-ambigual complex, a
larger ovoid column of nuclei having a lower packing density
than the subretrofacial nucleus (horizontal arrows in Fig. 6B,C).
At the level depicted in Figure 6D, the two columns of im-
munopositive cells were contiguous. At levels caudal to the
obex, immunoreactive neurons were observed in the nucleus
retroambiguus (Figs. 6 H-J, 7D).

Small numbers of immunoreactive nuclei were identified in
the nucleus raphe magnus and parapyramidal region, where the
densities of labeled neurons were higher in experimental than
control animals (Figs. 54, 64-C).

In other brainstem regions, no recognizable differences were
observed between experimental and control groups in the num-
ber or intensity of immunolabeled nuclei. These regions include
the subtrigeminal (Fig. 8) (cf. McAllen et al., 1992), spinal tri-
geminal, vestibular, cochlear, and lateral reticular nuclei, and
the pontine periventricular gray matter.

In comparison with other control animals, one of the two

—

Figure 6. Camera lucida drawings of transverse sections through different rostrocaudal levels of the medulla oblongata illustrating patterns of
immunocytochemical nuclear expression of FLI in an experimental animal. Low- and high-magnification plots are shown for each level. More celis
with weak to moderately labeled nuclei were observed and plotted using high magnification than shown in drawings made from low magnification.
Expression of FLI was induced in neurons of the NT'S, intermediate zone of the LTF, AP, and DMX. In the NTS, immunolabeled neurons were
concentrated in the rostral (4-D), dorsolateral, medial, parvicellular, central, and subpostremal nuclei (E-G), and caudal commissural divisions
(H-J). In the reticular formation, labeling occurred in the LTF subjacent to the NT.S. Immunolabeled neurons also formed columns corresponding
to the subretrofacial (B--D, diagonal arrows), para-ambigual (B-C, horizontal arrows), and retroambiguus (H-J) nuclei. CNX, commissural nucleus
of the vagus; DAO, dorsal accessory olive; DC, dorsal cochlear nucleus; IS, interstitialis subnucleus; PIO, principal inferior olive; PR, paramedian
reticular formation; PZ, pars zonale of STN; RA, retroambiguus nucleus; RPa, raphe pallidus; v, blood vessel, VM.S, ventral medullary surface;

V11, facial nucleus. Other abbreviations are as in previous figures.
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decerebrate controls exhibited enhanced FLI in the subretro-
facial nucleus and in the dorsolateral subnucleus of the NTS,
which is a termination site of baroreceptor afferents (Kumada
et al., 1990).

Distribution of FLI in the spinal cord

In the spinal cord (Fig. 9), labeled neurons were observed in
experimental animals in the region of the upper cervical inspi-
ratory propriospinal cell column (C2) and the phrenic motor
nucleus (C5) (Fig. 10). Enhanced FLI was also observed in ex-
perimental animals in laminae V and VII of cervical and tho-
racic segments and in superficial laminae of the dorsal horn,
especially laminae II-I1I. Scattered labeling was also seen in
laminae I, IV, and VIII, although clear-cut and consistent dif-
ferences between experimental and control groups could not be
demonstrated. A few labeled neurons were also observed in the
intermediolateral cell column, lamina X, and intercostal and/
or abdominal motor pools in the ventral horn.

Differences in FLI distribution between intact and decerebrate
animals

Decerebrate animals exhibited greater FLI than intact animals
in three regions: the dorsal accessory olive, the dorsal part of

the medial and inferior vestibular nuclei, and the raphe pallidus.
There were no obvious differences in labeling in these regions
between decerebrate experimental versus control animals.

Discussion

Induction of Fos was observed in animals that exhibited emetic
episodes along portions of the emetic reflex arc, from sites of
primary sensory input (nodose ganglia, NTS, AP) to premotor
(nucleus retroambiguus) and motor (dorsal vagus, phrenic nu-
clei) output limbs. Since the only variable distinguishing ex-
perimental from control cases was the systemic administration
of emetic drugs versus saline, we conclude that the identified
cell groups were related to reflexes activated by the drugs. The
patterns of FLI in the medulla were strongly suggestive that the
drug regimes induced Fos expression among neurons involved
in the emetic reflex response. Indeed, a close correspondence
was noted between Fos-positive nuclei and cell groups known
to subserve functionally different components of emesis. For
example, consistent with activation of respiratory-related neu-
rons critical for vomiting (Miller, 1992), enhanced FLI was
observed in experimental animals in regions that include pro-
priobulbar and expiratory bulbospinal neurons in the Bétzinger
and related para-ambigual regions of the rostral ventral respi-

Figure7. Fos-like immunopositive neurons in the nucleus tractus solitarius (nts) and subnuclei of the lateral tegmental field (/f) in an experimental
animal. 4, Immunolabeled neurons in the ventrolateral subnucleus of NTS and in a subjacent (parasolitary) column of the dorsal LTF. Arrows
indicate dorsal (¢) and lateral (/) directions and apply to all photomicrographs in this figure. B, Bands of immunolabeled nuclei in the LTF rostral
to the obex. The neurons radiate diagonally across the reticular formation and are arranged in parallel with the long axis of a perforating blood
vessel (bv). Arrows indicate labeled nuclei in proximity to the wall of the vessel. C, Subretrofacial column (arrow) in the rostral VLM subjacent to
the retrofacial nucleus. D, Nucleus retroambiguus in the caudal VLM dorsal to the lateral reticular nucleus (/rn). Scale bar, 100 pm.



Figure 8. Photomicrographs illustrating FLI in the subtrigeminal nu-
cleus in experimental (4) and control (B) animals. No differences were
observed in either the density of labeled neurons or in the intensity of
immunolabeled nuclei. Scale bar, 100 pm.

ratory group (VRG) (Miller and Nonaka, 1990a; Miller and
Ezure, 1992), expiratory bulbospinal neurons in the nucleus
retroambiguus at levels of the VRG caudal to the obex (Miller
et al., 1987; Miller and Nonaka, 1990b), upper cervical (Cl-
C3) inspiratory propriospinal neurons (Nonaka and Miller, 1991),
and phrenic motoneurons (e.g., Miller et al., 1987). The nucleus
retroambiguus, in addition to providing excitatory drive to spi-
nal respiratory motoneurons, has also been implicated in the
control of motoneurons innervating upper airway (Holstege,
1989; Zhang et al., 1992) and pelvic floor (Holstege and Tan,
1987) musculature. In addition, other nuclei activated in ex-
perimental animals showed a strong correspondence in spatial
distribution to reticulopremotor nuclei engaged in cranial nerve
integration (Holstege and Kuypers, 1977; Holstege et al., 1977).
The coordinated activation of oropharyngeal and laryngeal mo-
toneurons is an integral component of the vomiting response
(Grélot et al., 1990).
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Some of the enhanced labeling observed in experimental an-
imals may not be related to the motor act of vomiting. For
example, nuclear expression of Fos occurs in the AP and NTS
following systemic administration of emetic drugs to the rat, a
species that does not vomit (Gu et al., 1991; Leslie and Reyn-
olds, 1992). Labeling in the AP, nodose ganglia, NTS, dorsal
motor nucleus of the vagus, and the spinal dorsal horn was an
expected response to sensory activation produced by the emetic
drugs. Of the drugs used in our experiments, cisplatin produces
vomiting by a cascade of mechanisms that probably involve
parallel activation of abdominal visceral (vagal and splanchnic)
afferents and the emetic chemoreceptor trigger zone in the AP
(McCarthy and Borison, 1984; Reynolds et al., 1991; Miller and
Nonaka, 1992; Naylor and Rudd, 1992). Protoveratrine acts at
the level of the nodose ganglia (Borison and Fairbanks, 1952;
Borison and Sampson, 1961), whereas apomorphine acts via
the AP (Wang and Borison, 1952), and lobeline-induced vom-
iting appears to be mediated by a combination of spinal and
vagal afferents and the AP (Laffan and Borison, 1957). Naloxone
is thought to act centrally although the site of action is unknown
(Costello and Borison, 1977).

In the NTS, a close correspondence was observed betwcen
the patterns of nuclear expression of FLI and sites of afferent
input from the AP (Morest, 1967; van der Kooy and Koda,
1983; Shapiro and Miselis, 1985) and abdominal vagus nerve
(Gwyn et al., 1979; Kalia and Mesulam, 1980; Norgren and
Smith, 1988). These sites include the subpostremal, medial, and
commissural subnuclei. In contrast, the subnucleus gelatinosus
was devoid of FLI, an unexpected observation since this region
is a principal recipient of gastric afferents (Gwyn et al., 1979;
Kalia and Mesulam, 1980; Norgren and Smith, 1988). However,
gastric afferents do make monosynaptic connections in the sub-
nucleus gelatinosus with dorsally extending dendrites of dorsal
vagal motoneurons (Rinaman et al., 1989), which did express
enhanced FLI.

Enhanced FLI has been previously reported in the AP, NTS,
and dorsal motor nucleus of the vagus in response to emetic
stimuli in the ferret, an animal that like the cat is capable of
vomiting (Reynolds et al., 1991; Leslic and Reynolds, 1992).
These investigators concentrated their studies on the dorsal va-
gal complex but did not observe the extensive distribution of
enhanced nuclear FLI that was induced in our study. The rea-
sons for this difference are not clear, although there are several
possibilities. In the aforementioned studies, a single emetic drug
(cisplatin, loperamide, or ipecacuanha) was administered to in-
dividual animals, whereas we used a combination of several
(cisplatin, apomorphine, naloxone, lobeline, and protovera-
trine) in the same animal and produced, on average, fourfold
more vomiting (total number of retches plus expulsions) per
animal as they did using cisplatin (Reynolds et al., 1991). Our
survival periods were 2-3 hr longer, and data were obtained
with a different primary antibody. Possible species differences
could contribute to the discrepancies. A recent abstract also
reported Fos expression in the ferret dorsal vagal complex fol-
lowing electrical stimulation of the supradiaphragmatic vagus

—3

Figure 9. Camera lucida drawings of Fos-like immunopositive neurons in the spinal gray of representative cervical (C2, C5), thoracic (72, T7),
and upper lumbar (L2) segments. Transverse sections of spinal cord from an experimental (¢/—e/) and control (a2—2) animal are shown. Note
the increases in FLI-positive nuclei in the experimental animal in laminae V and VII and dorsal horn laminae II-1II of most spinal segments, in
the upper cervical inspiratory (UCI) cell column (compare al to a2), phrenic motor nucleus (arrow, compare bJ to b2), and thoracolumbar
intermediolateral (/L) and intermediomedial (/M) cell columns (compare cl-el to c2-e2).
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Figure 10. Photomicrographs of transverse sections of the fifth cervical
segment demonstrating induction of FLI in nuclei of the phrenic motor
nucleus (arrow) in an experimental animal (4) and the absence of FLI
in a control animal (B). Scale bar, 100 um.

nerve or intraduodenal injections of hypertonic saline (Bois-
sonade et al., 1992).

Enhanced nuclear expression of FLI in drug-treated animals
is also to be expected in association with activation of various
prodromal symptoms of vomiting. For example, as discussed
by Leslie and Reynolds (1992), immunolabeling in the dorsal
vagal complex could also be associated with gastric stasis or
conditioned taste aversion. In the reticular formation, FLI was
expressed in distinct columns corresponding to the locations
both of swallowing reflex interneurons located immediately sub-
jacent to the NTS as well as dorsal to the nucleus ambiguus
(Jean, 1990) and of the inferior salivatory nucleus in the dor-
solateral reticular formation (Satomi et al., 1979).

Blood pressure changes associated with either a direct action
of the emetic drugs and/or with emesis would account for en-
hanced FLI in the subretrofacial nucleus, which conveys sym-
pathoexcitatory signals to spinal preganglionic motoneurons
(Barman and Gebber, 1985; Dampney et al., 1987), and FLI in
the intermediolateral cell column. One control decerebrate an-
imal also exhibited enhanced labeling in the subretrofacial nu-
cleus. probably in response to a drop in blood pressure. In
contrast, the induction of the prominent arc of immunolabeled
neurons in the intermediate reticular zone of the LTF would
appear to be largely independent of changes in blood pressure.

Elevated arterial pressure in rabbits, in response to infusion of
phenylephrine, is associated with enhanced FLI in the NTS, AP,
and the caudal VLM (Li and Dampney, 1992), but not in col-
umns of the LTF activated in association with emesis. Similarly,
hemorrhage in cats induces FLI in the NTS and, in contrast to
the aforementioned distribution, the subretrofacial nucleus and
nucleus raphe pallidus, yet apparently sparse if any labeling of
neurons in the LTF (McAllen et al., 1992).

Most of the emetic drugs have no effect on respiration at the
doses used in this study. However, lobeline often causes a tran-
sient increase in respiratory discharge that could account for
some of the FLI induced in respiratory-related regions in our
experimental animals.

Other possible general sources of FLI in both experimental
and control animals include stress and surgical procedures. Stress
induced in rats by immobilization, noxious stimulation, or in-
traperitoneal injection of hypertonic salt solution induces FLI
in the NTS and VLM as well as several other brain regions
(Ceccatelli et al., 1989; Senba et al., 1993), but does not produce
the extensive medullary distribution of FLI observed in our
experimental animals. In addition, incision of the skin is suf-
ficient to induce FLI in laminae I, II, V, and X of the spinal
cord (Hunt et al., 1987). FLI was observed in these regions in
both our control and experimental animals, although the la-
beling was enhanced in experimental animals in laminae II-II1,
V, and VIL

The fact that almost indistinguishable patterns of FLI were
observed following actual vomiting in an intact animal and
fictive vomiting in decerebrate, paralyzed animals indicates that
fluid depletion and clectrolyte changes that can occur following
prolonged vomiting (Dennis, 1983) were not important stimuli
for producing Fos expression in our experimental animals. De-
cerebrate animals did, however, exhibit enhanced FLI in com-
parison to intact animals in the dorsal accessory olive, dorsal
part of the medial and inferior vestibular nuclei, and raphe
pallidus, presumably due to changes in the excitability of these
regions following decerebration.

In confirmation of many previous studies, our findings pro-
vide additional evidence that c-fos expression can serve as a
measure of functional activity. Indeed, the predicted patterns
of nuclear expression in response to emesis were confirmed by
our observations. However, one cannot exclude the possible
involvement of additional brainstem regions in producing vom-
iting since Fos does not appear to be expressed following acti-
vation of some cells in the CNS, such as spinal motoneurons,
dorsal column nuclei, and the substantia nigra (Huntetal., 1987,
Dragunow and Faull, 1989; Bullitt, 1990). Fos also may not be
expressed by neurons that are reflexly inhibited, as suggested by
the absence of FLI in the subretrofacial nucleus in response to
baroreceptor activation (Li and Dampney, 1992). This inter-
pretation is reinforced by the markedly enhanced FLI expression
in the same locus in response to hemorrhage, which, in contrast
to baroreceptor activation, would have excited these sympath-
oexcitatory neurons (McAllen et al., 1992).

In the present study, the phrenic motor nucleus exhibited FLI
in drug-treated animals but not in controls. This labeling in
experimental animals probably reflects the fact that phrenic
motoneurons are activated by different bulbospinal pathways
during vomiting than during respiration (Bianchi and Grélot,
1989; Miller et al., 1990). The lack of FLI expression in phrenic
motoneurons in response to central respiratory drive in our
control animals may be related to evidence that Fos expression




is transitory and that while a behavioral response may be elicited
repeatedly, the continued induction of c¢-fos can be largely re-
fractory (Morgan et al., 1987).

In the medullary reticular formation, neurons display unique
distributions of FLI in response to different behavioral contexts,
which further confirms the specificity of our findings. In our
study, FLI was expressed by neurons concentrated in the inter-
mediate reticular zone and subjacent tegmentum neighboring
the ventral medullary surface. Our experimental observations
were reproducible and confirmed by consistent distributions of
cells with enhanced intranuclear FLI expression as compared
to control cases. Identical patterns were observed in the reticular
formation following emesis in an intact animal and fictive vom-
iting in decerebrate, paralyzed animals. The topographic spec-
ificity of the immunostaining pattern was further confirmed by
the absence of FLI in neurons along parallel bands intercalated
between the intermediate zone and the spinal trigeminal com-
plex. The FLI distribution following emesis was distinct from
and more extensive than the patterns induced either by baro-
receptor activation (Li and Dampney, 1992) or unloading (hem-
orrhage) (McAllen et al., 1992) or in response to electrical stim-
ulation of the pontine parabrachial nucleus (Krukoffet al., 1992).
These data support the concept that the intermediate reticular
zone of the LTF might constitute a distinct entity similar in
organizational complexity to other cell groups in the lower
brainstem (Holstege and Kuypers, 1977; Holstege et al., 1977,
Reis and Ruggiero, 1991).

The neuronal substrate underlying the coordination of the
vomiting response remains unclear. Previously proposed pos-
sible organizational schemes have included a localized “vom-
iting center”” (Borison and Wang, 1949; Wang and Borison,
1951) or “pattern generator” (Fukuda and Koga, 1991) or, in
contrast, more distributed control systems (Miller and Wilson,
1983; Davis et al., 1986a; Lawes, 1992). In the present study,
no unique, well-defined group of neurons that might function
as a “vomiting center” could be identified. Rather, the distri-
bution of FLI suggests that neurons involved in coordinating
emesis could be embedded in the cylindric arc of immunola-
beled neurons that parcellates the intermediate reticular zone
of the LTF. However, since the longitudinal columns that com-
pose this arc extend from the spinomedullary junction into the
pons, they can hardly be considered a tightly localized “center.”
In addition, 1t is important to determine which labeled LTF
neurons merely represent activation of a cascade of higher-order
neurons in response to emetics that excite vagal afferents or the
AP and to what extent this immunolabeling is observed when
vomiting is elicited by different stimuli, for example vestibular
or psychogenic, that may engage other pathways. Furthermore,
not all of the labeling observed in the LTF would be expected
to specifically relate to the coordination of emesis since, for
example, the LTF also contains neurons related to respiration
(Vibert et al., 1976; King and Knox, 1984), cranial nerve in-
tegration (Holstege and Kuypers, 1977; Holstege et al., 1977),
swallowing (Jean, 1990), and salivation (Satomi et al., 1979).
However, our data corroborate the idea that vomiting is coor-
dinated by a distributed control system rather than by a well-
defined “center.”
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