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Expression of c-fos Protein in Rat Brain Elicited by Electrical
Stimulation of the Pontine Parabrachial Nucleus
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The expression of Fos, the protein product of the primary
response gene c-fos, was used metabolically to map the
short-term (1 hr) effects of urethane and sodium pentobar-
bital anesthesia in rat. Subsequently, urethane-anesthetized
rats were used to study the integrated response to electrical
stimulation (1-1.5 hr) of the pontine parabrachial nucleus
(PBN), an important center for relay of autonomic information
in the brain. Immunohistochemistry was used to localize Fos-
like immunoreactivity (FLI) in the brain.

To approximate amounts of FLI in the conscious animal,
rats were killed immediately after attaining surgical anes-
thesia with sodium pentobarbital (50 mg/kg) or urethane (1.2-
1.7 gm/kg). No FLI was found in the brains of these rats. In
rats killed 1 hr after anesthesia with sodium pentobarbital,
FLI was found only in the habenulae. After 1 hr of urethane
anesthesia, low levels of FLI were found in the following
areas: nucleus of the tractus solitarius (NTS); caudal and
rostral ventrolateral medulla (VLM); lateral PBN; ventrome-
dial, paraventricular, and supraoptic nuclei (SON) of the hy-
pothalamus; medial preoptic area; central nucleus of the
amygdala (ACE); endopiriform cortex; insular cortex; piri-
form cortex; and islands of Calleja.

Electrical stimulation of the PBN (10 sec on, 10 sec off;
15-50 puA at 20 Hz for 60-90 min) in rats anesthetized with
urethane led to increases in mean arterial pressure (10-30
mm Hg) and to ipsilateral increases of FLI in the lateral PBN,
dorsal division of SON, ACE, endopiriform nucleus, insular
cortex, piriform cortex, and islands of Calleja. In two animals,
ipsilateral increases were found in the ventromedial hypo-
thalamus and medial amygdaloid nucleus. Finally, consistent
bilateral increases in FLI were found in the NTS, caudal and
rostral VLM, and area postrema.

These data confirm that sodium pentobarbital has a gen-
erally depressive effect on neural activity. Expression of Fos
within autonomic centers in rats anesthetized with urethane
for 1 hr may be due to the consistent drop in arterial pressure
that occurs during anesthesia. Ipsilateral increases of FLI in
discrete brain regions of rats in which the PBN was stimu-
lated indicate that alterations are likely due to the electrical

Received Dec. 23, 1991; revised Apr. 8, 1992; accepted Apr. 15, 1992,

We thank Greg Morrison for photographic assistance. This work was supported
by the Medical Research Council of Canada and Alberta Heritage Foundation for
Medical Research.

Correspondence should be addressed to Dr. Teresa L. Krukoff, Department of
Anatomy and Cell Biology, Faculty of Medicine, University of Alberta, Edmonton,
Alberta, Canada T6G 2H7.

Copyright © 1992 Society for Neuroscience 0270-6474/92/123582-09%$05.00/0

stimulation whereas bilateral increases (in NTS and VLM)
are likely due to the increases in arterial pressure that ac-
company PBN stimulation.

C-fos, one of a small group of genes called primary response
genes (reviewed by Herschman, 1989), and its protein product,
Fos, are integral components of complex signaling mechanisms
believed to be responsible for the cell’s response to stimulation
(Curran, 1988). Therefore, the expression of this gene is being
increasingly used as a means to identify functionally neurons
that are part of specific pathways in the CNS. The effects of
many types of stimulation including drug-induced seizures, ac-
tivation of receptors, growth factors, neuroactive drugs, elec-
trical stimulation, and physiological states have now been stud-
ied with this method (Curran, 1988; Sagar et al., 1988; Ceccatelli
et al., 1989; Morgan and Curran, 1989, 1991; Doucet et al.,
1990; Popovici et al., 1990; Sheng and Greenberg, 1990; Anton
et al., 1991; Jones and Evinger, 1991).

The parabrachial nucleus of the pons (PBN) is a major relay
center for the transfer of autonomic, including cardiovascular,
information throughout the brain. While neuroanatomical and
electrophysiological techniques have been used successfully to
determine the connections of the PBN with areas of the brain-
stem and forebrain (Norgren and Leonard, 1973; Saper and
Loewy, 1980; King and Knox, 1982; Block and Schwartzbaum,
1983; Cechetto and Calaresu, 1983; van der Kooy and Koda,
1983; Fulwiler and Saper, 1984; Holstege, 1988; Schwaber et
al., 1988; Granata and Kitai, 1989; Moga et al., 1989; Berkley
and Scofield, 1990; Herbert et al., 1990; Papas and Ferguson,
1990; Touzani et al., 1990; Wild et al., 1990; Bernard et al.,
1991; Jhamandasetal., 1991; Krukoffetal., 1992), less is known
about the integrated response of these areas to activation of
efferent projections originating in the PBN. Therefore, using
Fos-like immunoreactivity (FLI) as a marker of cell stimulation,
it was our goal to determine the effect of electrical stimulation
in the PBN on other regions in the CNS.

The anesthetic urethane was chosen for these experiments
because sympathetic and parasympathetic reflexes are preserved
under anesthesia (Maggi and Meli, 1986a,b), in contrast to the
depressant effects of other anesthetics such as barbiturates (Baum
et al., 1985; Morgan et al., 1987). However, the effects of ure-
thane anesthesia on FLI in an otherwise unstimulated brain have
not been well defined. Therefore, before studying the effects of
PBN electrical stimulation on FLI, we investigated the effects
of urethane anesthesia on FLI in the brain immediately after
and 1 hr after rats had attained levels of surgical anesthesia, and
compared these results with those from animals anesthetized
with sodium pentobarbital.



Materials and Methods

Male Sprague-Dawley rats were purchased from the University of Al-
berta Biological Sciences Animal Center. They were housed, two to a
cage, in a 12 hr:12 hr light/dark cycle (lights on at 0800) at 20°C and
given free access to rat chow and water.

Effects of anesthetic. Animals were divided into four groups of eight
rats each. Rats in group 1 received intraperitoneal injections of sodium
pentobarbital (50 mg/kg; Somnotol, M.T.C. Pharmaceuticals, Hamil-
ton, Canada) and were killed immediately after levels of surgical an-
esthesia were attained (approximately 5 min). Rats in group 2 received
intraperitoneal injections of urethane (1.2-1.7 gm/kg; Sigma Chemicals,
St. Louis, MO) and were also killed immediately after attaining levels
of surgical anesthesia (approximately 8 min). These two groups served
as controls to determine comparable levels of Fos expression in con-
scious animals since it has been shown that the short time between
administration of anesthetic and death is not sufficient to allow mea-
surable changes in Fos levels within the brain, as determined with im-
munohistochemistry (Dragunow and Faull, 1989). Rats in groups 3 and
4 received intraperitoneal injections of sodium pentobarbital and ure-
thane, respectively, and were killed | hr afier levels of surgical anesthesia
were attained. Tissues from rats of different groups were processed in
pairs to ensure that comparisons could be made among animals from
all groups.

Electrical stimulation of PBN. In urethane-anesthetized rats (n = 6),
the femoral artery was catheterized to permit continuous monitoring of
arterial blood pressure. Body temperature was maintained at 37°C using
a thermistor-controlled feedback heating blanket. Rats were positioned
in a stereotaxic device, and a 30 gauge concentric bipolar stimulating
electrode (tip-ring separation, <0.25 mm; impedance, 400-600 k) was
placed in the PBN. The optimal site for electrode placement in the PBN
was determined by evoking a maximal pressor response following a
brief high-frequency train of cathodal pulses (1 sec, 50 Hz; Jhamandas
et al.,, 1991). The PBN was then stimulated every 10 sec with a 10 sec
train of rectangular pulses (pulse duration, 100 usec) at a frequency of
20 Hz and current intensities of 15-50 pA for 60-90 min. Increases in
mean arterial pressures (MAP) of 15-25 mm Hg (Fig. 10) during each
train of pulses were taken as evidence that PBN efferents were being
activated.

Control animals (# = 2 in each group) were treated in one of the
following ways: (1) the rat was anesthetized with no further manipu-
lation, (2) sites outside of the PBN were stimulated (e.g., cerebellum)
using the same stimulus parameters, or (3) the electrode was placed in
the PBN but no current was passed.

Placements of electrodes were histologically verified at the end of each
experiment. Tissues from pairs of rats (stimulation of PBN plus one of
the controls) were processed together.

Processing of tissues. Anesthetized rats were perfused transcardially
with 100 ml of saline followed by ice-cold 4% paraformaldehyde (Sigma)
in 0.1 M phosphate buffer, pH 7.2. Brains were removed and cryopro-
tected by successively placing them into solutions of 10%, 20%, and
30% sucrose (in water) for approximately 12 hr each. Serial transverse
sections of the brains (50 gm) were cut in a cryostat (—18°C) and col-
lected in phosphate-buffered saline (PBS, pH 7.2).

FLI was demonstrated immunohistochemically by placing tissue sec-
tions into sheep antiserum against Fos (Cambridge Research Biochem-
icals, Valley Stream, NY) diluted 1:2000 in 0.3% Triton X-100/PBS
containing normal rabbit serum diluted 1:100. According to the sup-
plier’s specifications, this affinity-purified polyclonal antibody recog-
nizes Fos and Fos-related proteins. Therefore, the staining we have
obtained will be described as Fos-like immunoreactivity (FLI).

Tissues were processed the next day using the avidin-biotin immu-
noperoxidase method (ABC VectaStain Kit, Vector Labs, Burlingame,
CA), and FLI was visualized as a brown reaction product with the
chromagen diaminobenzidine (Sigma). Sections were rinsed in PBS and
mounted onto glass microscope slides, air dried, and coverslipped. Tis-
sues were analyzed and photographed using a Zeiss light microscope.

Results

Effects of anesthesia

No FLI was found in brains of rats killed immediately after
anesthesia. In rats processed | hr after initiation of anesthesia
with sodium pentobarbital, FLI was found only in the habenular
nuclei (Fig. 1).
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Figure 1 Effect of sodium pentobarbital anesthesia on FLI in habenula
(H) shown by comparing lack of FLI in habenulae from brains of rats
killed immediately after attaining surgical anesthesia (4) with FLI in
habenulae from brains of rats killed 1 hr after attaining anesthesia (B).
Scale bars, 100 ym.

In rats processed 1 hr after initiation of anesthesia with ure-
thane, low levels of FLI were found bilaterally in the following
areas: nucleus of the tractus solitarius (NTS) rostral to the area
postrema (AP; Fig. 2C), caudal and rostral ventrolateral medulla
(VLM; Fig. 2E), lateral PBN (Fig. 34), ventromedial hypothal-
amus (VMH; Fig. 44), paraventricular nucleus of the hypo-
thalamus (PVN; Fig. 5), supraoptic nucleus of the hypothalamus
(SON; Fig. 64), medial preoptic area, central nucleus of the
amygdala (ACE; Fig. 74), endopiriform cortex (Fig. 4C), insular
cortex (Fig. 84), piriform cortex (Fig. 8C), and islands of Calleja
(Fig. 94). In the PVN, most neurons with FLI were located in
the parvocellular division (Fig. 5). In the SON, most neurons
with FLI were located in the ventral division of the nucleus
(Fig. 6A).

PBN stimulation

In urethane-anesthetized control and experimental rats prior to
electrical stimulation, MAP consistently decreased from normal
resting levels by 10-30 mm Hg (Fig. 10). Controls animals showed
no further changes in blood pressure.

During the period of stimulation, MAP rose by 18 + 2 mm
Hg (x + SE). Pulses of current caused additional increases of




3584 Krukoff et al. + Fos in Rat Brain due to Parabrachial Nucleus Stimulation

Figure 2. FLI in NTS and AP, the NTS just rostral to the AP, and caudal VLM in rats anesthetized with urethane for 1 hr (4, C, and E) and in
urethane-anesthetized rats in which the PBN was electrically stimulated (B, D, and F). In stimulated rats, bilateral increases in FLI were observed

in the NTS, AP, and VLM. Scale bar, 100 pm (for A-F).

12 + 1 mm Hg (x + SE) (Fig. 10). In all animals, the electrode
tip was located in the lateral division of the PBN (Fig. 3).

FLI in tissues from rats controlled for stimulation (see Elec-
trical stimulation of PBN, above) was similar to that seen in
rats from group 4 (described above). In electrically stimulated
rats, increases in FLI were found in the stimulated PBN (Fig.

3B,(). Consistent ipsilateral increases in FLI were also found
in the following areas (Figs. 4, 6-9): dorsal division of SON,
ACE, endopiriform cortex, insular cortex, piriform cortex, and
islands of Calleja. In two animals, ipsilateral increases were
found in the VMH (Fig. 4B) and medial amygdaloid nucleus
(Fig. 7D). Finally, consistently increased bilateral staining in-




tensities were found in the NTS (at the level of and rostral to
the AP; Fig. 2B,D), caudal and rostral VLM (Fig. 2F), and the
AP (Fig. 2B).

Discussion

This study contributes two major new findings. First, urethane
anesthesia leads to low levels of FLI in autonomic centers of
the brain, many of which have been implicated for their roles
in regulation of autonomic function. Second, electrical stimu-
lation of the pontine PBN causes ipsi- and bilateral increases
of FLI in a number of brain sites that have been previously
identified to be direct or indirect targets of projections origi-
nating in the PBN.

FLI immediately after anesthesia induction

We have used levels of FLI immediately following attainment
of surgical levels of anesthesia (8 min or less) as an approxi-
mation of Fos activity in the conscious animal since it has been
shown that approximately 15 min of stimulation are required
before changes in FLI can be observed (Dragunow and Faull,
1989). Our results show no FLI in brains of these rats.

Anesthetic-dependent FLI

Urethane. Urethane is regarded as the anesthetic of choice in
studies of the cardiovascular system because it preserves car-
diovascular reflexes where both sympathetic and parasympath-
etic divisions of the autonomic nervous system are active (Maggi
and Meli, 1986a,b) and does not interfere with respiratory func-
tion (Sapru and Krieger, 1979). Our results show that urethane
anesthesia of 1 hr in duration leads to low levels of FLI within
the NTS, VLM, and lateral PBN of the brainstem, and the VMH,
parvocellular PVN, SON (ventral division), medial preoptic area,
ACE, endopiriform cortex, insular cortex, piriform cortex, and
islands of Calleja. Many of these regions have been strongly
implicated in mediating autonomic and especially cardiovas-
cular responses. In view of the consistent drop in MAP of ure-
thane-anesthetized rats observed in this study and in others
(Maggi and Meli, 1986a), it is possible that these areas may be
reflexively stimulated in response to the anesthetic-evoked hy-
potension. For example, the VLM, which exhibits low levels of
FLI, is generally composed of rostral and caudal subdivisions
where the rostral VLM is thought to be the site of neurons that
generate vasomotor tone while the caudal VLM regulates the
activity of the rostral VLM (Calaresu and Yardley, 1988). In
support of the idea of reflex activation are findings of increased
sympathetic outflow to the periphery in urethane-anesthetized
rats (Reinert, 1964; Armstrong et al., 1982). A direct depressant
action on vascular smooth muscle contractility likely underlies
the hypotension observed in urethane-anesthetized rats (Maggi
and Meli, 1986a).

Sodium pentobarbital. Sodium pentobarbital is a well-known
depressant of brain activity (Baum et al., 1985; Morgan et al.,
1987), and our results confirm its effect. Like urethane, sodium
pentobarbital causes decreases in levels of blood pressure (Feld-
berg and Guertzenstein, 1972; Baum et al., 1985), but unlike
the results for urethane discussed above, no increases in FLI
were observed in regions of the brain that we might expect to
be activated by the hypotension. These differences in results
may be due, in part, to the depressant influence of sodium
pentobarbital on the activity of most central neurons via GA-
BAergic mechanisms (Nicholl, 1979; Richter and Holman, 1982).
In rats anesthetized for 1 hr, only the habenula showed consis-

The Journal of Neuroscience, September 1992, 12(9) 3585

BC

MPBN

. ¥
L iy TN

Figure 3. FLIlinlateral PBN (LPBN) in rats anesthetized with urethane
for 1 hr (4) and in urethane-anesthetized rats in which the ipsilateral
PBN was stimulated at a different level (B). An example of a stimulation
site is shown in C. MPBN, medial PBN; BC, brachium conjunctivum.
Scale bar, 100 um (for A-C).

tent increases in FLI compared to control rats; the significance
of increased activity in this region is not known at this time.

Electrical stimulation of PBN

Increases in levels of arterial blood pressure were used in this
study as indices by which to verify accurate placement of elec-
trodes in the PBN and activation of pathways relaying cardio-
vascularactivity. The use of electrical stimulation does not allow
us to determine whether neuronal perikarya, axons of passage,
or both were stimulated. Nevertheless, the placement of the
electrode into the lateral division of the PBN, a region known
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Figure 4. FLI in VMH (4 and B) and endopiriform nucleus (EPC; C and D) in urethane-anesthetized rats in which the PBN was stimulated on
one side. Immunostaining in the nuclei contralateral to stimulation (4 and C) was similar to that seen in rats anesthetized only. Nuclei ipsilateral
to stimulation showed increases in FLI (B and D). Scale bar, 100 pm (for A-D).

Figure 5. FLI in PVN in urethane-
anesthetized rats in which the PBN was
stimulated on one side. No differences
in immunostaining were found between
the contralateral PVN (4) and ipsilat-
eral PVN (B). Scale bars, 100 um.
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Figure 6. FLI in SON in urethane-anesthetized rats in which the PBN was stimulated on one side. Immunostaining in the SON ipsilateral to the
stimulated PBN (B) showed increases in Fos-positive cells throughout the nucleus and especially in the dorsal subdivision of SON compared to
the SON contralateral to stimulation (4). Scale bars, 60 pm.

to be a recipient of cardiovascular-related information (Cechetto the cardiovascular responses elicited in this study are similar to
and Calaresu, 1983; Ward, 1988), and the low levels of current those obtained after chemical stimulation of cell bodies in PBN
necessary to elicit an increase in arterial pressure suggest that  with microinjections of glutamate (Ward, 1988).

stimulation is reasonably well confined to the PBN. Moreover, Ipsilateral induction of FLI. The unilateral nature of many of

Figure 7. FLI in ACE (4 and B) and medial amygdaloid nucleus (MA4; C and D) in urethane-anesthetized rats in which the PBN was stimulated
on one side. Immunostaining in the nuclei contralateral to stimulation (4 and C) was similar to that seen in rats anesthetized only. Nuclei ipsilateral
to stimulation showed increases in FLI (B and D). Scale bar, 100 um (for A-D).
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Figure 8. FLI in insular cortex (/C: 4 and B) and piriform cortex (PC; C and D) in urethane-anesthetized rats in which the PBN was stimulated
on one side. Immunostaining in the nuclei contralateral to stimulation (4 and C) was similar to that seen in rats anesthetized only. Nuclei ipsilateral
to stimulation showed increases in FLI (B and D). Scale bar, 100 um (for 4-D).

the increases in FLI resulting from this stimulation strongly
suggests that these alterations were due to electrical stimulation
and not to changes in levels of arterial pressure. Of the areas
showing increased FLI, the insular cortex (Saper, 1982; Cechetto
and Saper, 1987) and ACE (Block and Schwartzbaum, 1983;
Schwaber et al., 1988; Block et al., 1989) receive robust direct
projections from the PBN. Although the PBN does not have a
significant direct projection to the SON, this nucleus may be
activated via an interneuronal network located in the perinu-
clear zone dorsal to the SON (Jhamandas et al., 1991). Finally,
although our results strongly suggest that the changes we have
observed are due to orthodromic activation of neurons found
in the PBN, we cannot entirely rule out the possibility that FLI
at more rostral sites may be due to activation of collateral
branching inputs to the PBN that originate in more caudal regions
of the brainstem.

Our results support the notion that multisynaptic pathways
can be demonstrated on the basis of FLI due to stimulation
(Menetrey et al., 1989). The pronounced increase in FLI within
the piriform cortex is likely due to stimulation of a multisynaptic
pathway as the PBN does not project directly to this structure
(Fulwiler and Saper, 1984). Stimulation of FLI in the piriform

cortex with epileptic seizures induced with amygdala kindling
(Dragunow et al., 1988) suggests that this multisynaptic pathway
may involve the amygdala.

Bilateral induction of FLI. The bilateral nature of increases
in FLI found in the NTS, VLM, and AP of the medulla suggests
that these areas are being stimulated as a result of the increases
in arterial pressure that accompany PBN stimulation. These
results are not surprising in view of the roles of these structures
in cardiovascular regulation (Calaresu et al., 1984).

The PBN has reciprocal connections with the NTS and VLM
(Ross et al., 1981; Fulwiler and Saper, 1984; Herbert et al.,
1990; Krukoff et al., 1992), so electrical stimulation of the PBN
may also have an effect on FLI in these regions. While these
projections are bilateral, in all cases the ipsilateral component
is the largest. Therefore, if electrical stimulation (either ortho-
or antidromic) was the only factor involved in eliciting changes
in FLI, one would expect a predominantly ipsilateral distribu-
tion of cells with FLI in the NTS and VLM. As we observed
symmetrical levels of FLI between the two sides, we have in-
terpreted our results to suggest that any changes due to electrical
stimulation of the PBN are overshadowed by the accompanying
cardiovascular effects.
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Figure 10. Tracings of arterial pressure (4P, mm Hg) in a rat anes-
thetized with urethane (first segment of trace) and during electrical stim-
ulation of the PBN (second segment of trace). Baseline arterial pressure
was elevated during the period of stimulation and pulses of current
(arrows) caused additional increases in arterial pressure.

Conclusions

We have determined the effects of two commonly used anes-
thetics on Fos expression in the brain. Our results are consistent
with previously reported findings that sodium pentobarbital an-
esthesia leads to a generalized neuronal depression in the brain.
On the other hand, urethane anesthesia leads to an increase in
FLI in autonomic centers that may be related to the decrease
in arterial pressure that has been observed to occur with the use
ofthis anesthetic. Finally, electrical stimulation of the PBN leads
toincreases in FLI within discrete autonomic sites that are either
ipsilateral, suggesting a direct effect of the stimulation, or bi-
lateral, suggesting an indirect effect of arterial pressure increases
that accompany PBN stimulation.
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