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Abstract
Activation of neurons in the dorsomedial hypothalamus (DMH) appears to play an important role in
signaling the excitation of brain regions responsible for experimental fever and for many of the
physiological and behavioral changes seen in experimental stress or anxiety in rats. Here, we
examined the effect of disinhibition of the DMH by unilateral microinjection of bicuculline
methiodide (BMI) on Fos expression in selected regions of the brain that have been implicated in
anxiety and responses to stress and fever in rats. Disinhibition of the DMH resulted in dramatic
increases in local Fos expression and also increased the numbers of Fos-positive neurons in the lateral
septal nucleus and in both the parvocellular and magnocellular subdivisions of the paraventricular
nucleus, with greater increases ipsilateral to the injection site in the DMH. However, microinjection
of BMI had no significant effect on Fos expression in the bed nucleus of the stria terminalis, another
forebrain area implicated in stress and anxiety. In the brainstem, disinhibition of the DMH increased
Fos expression in the nucleus tractus solitarius and the ventrolateral medulla bilaterally with greater
increases again ipsilateral to the site of the microinjection, and also in the midline rostral raphe
pallidus. Thus, disinhibition of neurons in the DMH in conscious rats results in increases in Fos
expression in selected forebrain and brainstem regions that have been implicated in stress-induced
physiological changes, anxiety, and experimental fever.
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1. INTRODUCTION
Recent evidence implicates neurons in the region of the dorsomedial hypothalamus (DMH) in
the generation of a diverse array of physiologic and behavioral changes associated with the
response to experimental stress and for thermoregulatory responses seen in exposure to cold
and experimental fever in rats (for reviews, see DiMicco et al., 2002; DiMicco and Zaretsky,
2007). Microinjection of the GABAA receptor antagonist bicuculline methiodide (BMI) into
the DMH evokes tachycardia, increased secretion of adrenocorticotropic hormone (ACTH),
stimulation of intestinal motility, and intense escape behavior and “anxiety” (Shekhar and
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DiMicco, 1987; Shekhar et al., 1987; Shekhar, 1993; DeNovellis et al., 1995; Greenwood and
DiMicco, 1995; Shekhar and Katner, 1995), a pattern of physiological and behavioral changes
resembling those seen in response to neurogenic stressors, as well as increased core body
temperature and sympathetically-mediated activation of interscapular brown adipose tissue
(IBAT; Zaretskaia et al., 2002; Cao et al., 2004). Conversely, microinjection of the GABAA
receptor agonist and neuronal inhibitor muscimol into the DMH suppresses the increases in
heart rate, blood pressure, and plasma ACTH seen in experimental air stress (Stotz-Potter et
al., 1996a, 1996b; McDougall et al., 2004), and produces an anxiolytic effect in behavioral
paradigms (Shekhar et al., 1990; Shekhar, 1993; Shekhar and Katner, 1995). Microinjection
of muscimol or kynurenate, a non-selective antagonist of ionotropic glutamate receptors, into
the DMH also suppresses the increases in body temperature and sympathetic nerve activity to
IBAT in anesthetized rats evoked by microinjection of prostaglandin E2 (PGE2) into the
preoptic area (Zaretskaia et al., 2003; Madden and Morrison, 2004), an established model for
fever. Based on these findings, activation of neurons in the DMH has been proposed to play a
key role in activation of specific neural circuits that are ultimately responsible for many of the
physiological changes seen in stress and in experimental fever.

The results of studies examining the expression of Fos, the protein product of the immediate
early gene c-fos and a marker for functional cellular responses (Morgan and Curran, 1989;
Martinez et al., 2002; for review see Konkle and Bielajew, 2004), support these roles for
neurons in the DMH. Increased Fos expression has been noted in the DMH in various
paradigms for “emotional” or neurogenic stress (Buijs et al., 1993; Cullinan et al., 1996;
Krukoff and Khalili, 1997; Emmert and Herman, 1999; Palmer and Printz, 1999; Baffi and
Palkovits, 2000; Briski and Gillen, 2001; Spitznagel et al., 2001) but not in hemorrhage
(Thrivikraman et al., 2000), and Fos expression in the DMH is also increased in experimental
models for fever and in cold exposure (Elmquist et al., 1996; Lacroix and Rivest, 1997; Baffi
and Palkovits, 2000; McKitrick, 2000; Yoshida et al., 2002; Cano et al., 2003; Gautron et al.,
2005). Microinjection of muscimol into the DMH markedly reduced the increase in Fos
expression in the hypothalamic paraventricular nucleus (PVN) associated with experimental
air jet stress but failed to influence that seen in hemorrhage (Morin et al, 2001). These results
indicate that excitation of neurons in DMH activates specific effector circuits that are
responsible for characteristic changes seen in response to exteroceptive stressors.

Thus, activation of neurons in the DMH may be responsible for excitation of downstream neural
pathways relevant to many of the physiological changes seen in experimental stress and fever.
Since disinhibition of neurons in the DMH by local microinjection of BMI appears to replicate
most or all of these effects, we reasoned that disinhibition of neurons in the should increase
Fos expression in these regions. Silveira and colleagues studied the effect of electrical
stimulation as well as microinjection of the excitatory amino acid kainate and SR-95531,
another GABAA receptor antagonist, at coordinates that approximated the location of the
dorsomedial hypothalamic nucleus on fos expression in selected forebrain regions in Long-
Evans rats (Silveira et al., 1995). However, the exact neural elements affected by electrical
stimulation are not fully understood, and the doses of kainate (60 and 120 pmol) as well as
volumes of all microinjections (200 nL) were much larger than those typically employed to
evoke discrete activation of the DMH. Also, because the precise sites of microinjection or
stimulation were not provided, the exact region of the hypothalamus that was activated in this
study could not be determined. Therefore, we analyzed Fos expression in regions of the brain
thought to play a role in anxiety, in cardiovascular and neuroendocrine effects of stress, and
in experimental fever after microinjection of BMI or saline into identified sites in the DMH in
conscious rats. We employed a reduced volume of injection (100 nL), and a dose of BMI (10
pmol) previously shown to produce relevant effects that are anatomically specific to the DMH
(DeNovellis et al., 1995; Bailey and DiMicco, 2001; Zaretskaia et al., 2002). Areas selected
for quantitative analysis included: the bed nucleus of the stria terminalis (BNST), also
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examined in the study of Silveira and colleagues (1995), and the ventral region of the lateral
septal nucleus (LSV), two forebrain regions that (1) receive afferents from and send efferents
to the DMH (ter Horst and Luiten, 1986; Thompson et al., 1996; Thompson and Swanson,
1998), (2) have been implicated in behavioral and neuroendocrine responses to stress and
anxiety (Koolhaas et al., 1998; Ebner et al., 1999; Cecchi et al., 2002; Khoshbouei et al.,
2002; Walker et al., 2003) and (3) where experimental stress has been reported to increase Fos
expression (LSV: Sharp et al., 1991; Duncan et al., 1993; Beck and Fibiger, 1995; Imaki et al.,
1995; BNST: Campeau and Watson, 2000; Ma and Morilak, 2004; Spencer and Day, 2004);
the parvocellular and magnocellular regions of the PVN; the nucleus tractus solitarius (NTS)
and the ventrolateral medulla (VLM), key brainstem regions involved in the central control of
sympathetic activity regulating cardiovascular function (Ross et al., 1984; Sved et al., 1985;
Willette et al., 1987; Agarwal et al., 1990); and the rostral raphe pallidus (rRP), a brain region
implicated in the tachycardia evoked by chemical stimulation of the DMH (Samuels et al.,
2002; Cao et al., 2004) and by experimental air jet stress (Zaretsky et al., 2003). In this study,
microinjections of BMI into the DMH were unilateral. Given that projections of neurons in the
DMH are predominantly ipsilateral (Thompson and Swanson, 1998), we anticipated that, as
was reported previously (Silveira et al., 1995), significant lateralization of BMI-induced
increases in Fos expression would be evident in areas where neuronal activation was directly
dependent on neural circuitry, rather than secondary to the state of profound behavioral and
“emotional” arousal so evoked. Although this dose of BMI has been employed extensively in
microinjection studies targeting the DMH (Bailey and DiMicco, 2001; Samuels et al., 2002;
Zaretskaia et al., 2002; Horiuchi et al., 2005; da Silva et al., 2006; de Menezes et al., 2006),
the area of neuronal excitation evoked by such injections has never been delineated. Therefore,
we also assessed the extent of the area of Fos expression in the vicinity of the injection site in
the DMH. A preliminary report of this study was presented at the Annual Meeting of the Society
for Neuroscience, San Diego, 2001.

2. RESULTS
Physiological response to microinjection of saline and BMI

Baseline parameters were not significantly different prior to injection of saline or BMI into the
DMH (Table 1). Microinjection of saline 100nL into the DMH in control rats was followed by
modest tachycardia and pressor responses of approximately 50 beats/min and 12 mmHg,
respectively (fig. 1). These changes were transient, with both heart rate and blood pressure
reaching their maxima at approximately 5 minutes after injection and returning to baseline by
10 minutes. A small increase in locomotor activity accompanied the cardiovascular changes,
and this behavioral effect was modest and brief (i.e., less than 5 min) in duration.

In contrast to the effects of saline alone, unilateral microinjection of BMI 10 pmol/100 nL into
the DMH elicited marked cardiovascular changes as have been described previously (DiMicco
and Abshire, 1987; Wible et al., 1988; DeNovellis et al., 1995; fig. 1). The salient feature of
the response was intense tachycardia, with increases in heart rate that averaged more than 120
beats/min at maximum and persisted for over 20 minutes. The BMI-induced tachycardia was
paralleled by moderate elevations in blood pressure with peak increases averaging
approximately 20 mmHg. These cardiovascular changes were accompanied by marked
locomotor stimulation of shorter duration, a behavioral response that has been demonstrated
previously to reflect an “anxiogenic” effect (Shekhar et al., 1990; Shekhar, 1993; Shekhar and
Katner, 1995).

Injection sites were assessed from post-mortem histology to be highly localized to the region
of the DMH. In every rat receiving BMI and all four saline-injected control rats, injection sites
were estimated to be within the limits of the dorsomedial hypothalamic nucleus (DMN) itself
(fig. 2) as defined by the atlas of Paxinos and Watson (1998).
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Fos expression in rats subjected to microinjection of saline or BMI into the DMH
Rats subjected to unilateral microinjection of saline into the DMH exhibited modest but
detectable levels of Fos expression in all regions examined (fig. 3–fig. 4). Diffuse but
significant labeling was apparent in the DMN and surrounding region of the DMH with no
difference in the number of Fos-positive neurons on injected versus uninjected sides (fig. 3–
fig. 4), and modest labeling was also found in the other stress-related forebrain regions
examined, including the PVN (fig. 4–fig. 5), LSV (fig. 4– fig. 5) and BNST (not shown).

In rats subjected to unilateral microinjection of BMI into the left DMH, Fos expression was
significantly elevated in almost every region examined, and these elevations were often highly
lateralized to the injected side. The most intense Fos labeling observed anywhere in the brain
in any group as seen in the DMH on the side ipsilateral to local microinjection of BMI (fig. 3
and fig. 4). The extent of the area emanating from the center of the injection site in the DMH
where uniformly dense Fos expression was detectable varied modestly in different rats, but
generally included most of the DMN and extended laterally into the perifornical region,
dorsally into the dorsal hypothalamic area, and ventrally to the edge of the ventromedial
hypothalamic nucleus (VMH; see fig. 6). The total extent of the area of dense and uniformly
increased Fos expression evoked by BMI extended an average of 1.1 ± 0.1 mm in the anterior-
posterior direction, and was estimated in each experiment by comparison with coronal sections
from the atlas of Paxinos and Watson (1998). Thus, Fos expression extended anteriorly as far
as −2.56 mm from Bregma in three of the eight rats and posteriorly as far as −3.80 mm in six
animals, while in single individual rats, Fos expression extended as far anteriorly as −2.30 mm
and as far posteriorly as −4.0 mm. Anteriorly, this region of increased Fos expression never
reached the level of the PVN, while posteriorly it always extended somewhat into the anterior
edge of the region designated as posterior hypothalamus (PH) by Paxinos and Watson
(1998). A strong trend for increased Fos expression in the DMH on the side contralateral to
the injection site failed to reach the level of statistical significance (p=0.11 versus saline-
injected rats; fig. 3 and fig. 4).

Microinjection of BMI into the DMH markedly elevated levels of Fos expression in the
ipsilateral pPVN and, to a significantly lesser degree, the contralateral pPVN as well (fig. 4
and fig. 5). Disinhibition of the DMH also increased Fos expression in the mPVN, once again
to a significantly greater degree on the side ipsilateral to microinjection of BMI. The most
striking increase in Fos expression outside of the DMH was observed in the LSV where the
number of Fos positive neurons ipsilateral to the site of microinjection of BMI was nearly six
times that seen in saline treated rats (fig. 4 and fig. 5). Fos expression in the contralateral LSV
was also significantly elevated. Injection of BMI into the DMH had no significant effect on
Fos expression in the BNST, although a slight tendency for increased levels on the injected
side was evident (data not shown).

In brainstem cardiovascular regions, microinjection of BMI generally increased Fos expression
in all regions examined, and in bilateral structures these increases were greater on the side
ipsilateral to the site of injection in the DMH (fig. 7). Fos expression was moderately elevated
in the midline rRP in BMI-injected rats (fig. 8), with no evidence of increased expression in
the adjacent parapyramidal region. Compared to vehicle controls, rats injected with BMI
exhibited increased Fos expression in both pre- and post-commissural subregions of the NTS
and in the C1 and A1 regions of the VLM, and in each case these increases were greater on the
ipsilateral side (fig. 7).

3. DISCUSSION
The results of this study demonstrate the effect of disinhibition of the DMH in rats on Fos
expression in brain regions selected for their involvement in anxiety, responses to stress, and
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fever, phenomena in which neurons in the DMH have been implicated. The finding that
unilateral disinhibition of the DMH evoked increased Fos expression in most of these regions,
and that these increases were greater ipsilateral to the site of injection in the DMH is consistent
with previous data suggesting that neurons in the DMH play an important role in signaling
excitation of central neural circuits responsible physiological and behavioral changes seen in
these settings. Disinhibition of the DMH elicits autonomically-mediated increases in blood
pressure and heart rate, as well as behavioral arousal characterized by intense locomotor
activity (Shekhar and DiMicco, 1987) and “anxiety” (Shekhar, 1993). Increased blood pressure
is known to elevate fos expression in the NTS (Chan and Sawchenko, 1998) and the intense
behavioral arousal might similarly affect other brain regions. However, all of these changes
should result in bilaterally symmetrical increases in Fos expression. Therefore, because
projections emanating from the DMH are highly lateralized (ter Horst and Luiten, 1986;
Thompson et al., 1996), increases that result from driving central neural circuitry from only
one side of the DMH should produce greater increases in fos expression on the ipsilateral side.
In fact, increases in Fos expression resulting from unilateral disinhibition of the DMH were
always greater on the side ipsilateral to the injection, as was reported previously for stimulation
of the medial hypothalamus (Silveira et al., 1995). Therefore, the presumptive increases in
neuronal activity observed in these areas are most likely to represent the result of afferent
synaptic excitation ultimately originating in disinhibited neurons in the region of the ipsilateral
DMH.

In the region of the DMH itself, dramatic increases in Fos expression were apparent after local
microinjection of BMI but not after similar injection of saline vehicle. Microinjection of BMI
into the DMH has been employed in numerous studies in order to disinhibit neurons in the
region (Horiuchi et al., 2004, 2005; Da Silva et al., 2006; McDowall et al., 2006; Nakamura
and Morrison, 2007), but this study represents the first in which direct evidence for neuronal
activation resulting from this disinhibition has been presented. In contrast to a previous report
that employed electrical stimulation and relatively high doses of kainate for study (Silveira et
al., 1995), we found that the extent of the area of uniformly increased Fos expression emanating
from the site of microinjection in the DMH could be delineated with reasonable clarity. This
region appeared to extend well beyond the dorsomedial nucleus to include the perifornical
hypothalamus, the dorsal hypothalamic area, the medial zona incerta, and adjoining posterior
hypothalamus (see figure 6). It is possible that the area directly affected by microinjected BMI
may have been even more restricted, and that disinhibition of at the dendritic fields of distal
neurons may have contributed to an extended area of increased fos expression. Nevertheless,
given the extensive area over which neurons were affected in the present study where
microinjection of 10 pmoles of BMI was employed, it seems likely that microinjection of much
larger doses of this agent would have the potential to affect neurons relatively distant from the
site of injection. Conversely, sympathetic or cardiovascular effects seen after microinjection
of higher doses of BMI into nearby regions may well be a consequence of exciting neurons in
the DMH (see DeNovellis et al., 1995). This would be particularly true in reports that have
targeted the PVN with microinjections ranging from 50 pmol to as much as 2 nmol of BMI
and assumed that sympathoexcitatory or cardiovascular effects noted were a consequence of
disinhibiting neurons in the latter region (Martin et al., 1991; Reynolds et al., 1996; Zhang and
Patel, 1998; Kenney et al., 2003; LaGrange et al., 2003; Reddy et al., 2005; Martin et al.,
2006). The extent of the region activated by microinjection of 10 pmoles of BMI in this study
make it highly plausible that at least some of the changes elicited by microinjection of these
larger doses into the nearby PVN may be a consequence of spread or diffusion to the DMH.

A salient feature of the behavioral response to microinjection of BMI into the region of the
DMH is behavioral arousal characterized by intense locomotor activity (Di Scala et al.,
1984; Carrive et al., 1986; Shekhar and DiMicco, 1987) and “anxiety” (Shekhar, 1993), and
we reasoned that Fos expression should be increased accordingly in those forebrain neurons
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whose activation might be relevant to these changes. The effect of BMI on Fos expression in
the BNST and the LSV, two limbic structures closely associated with emotion and defensive
reactions (for reviews, see Koolhaas et al., 1998; Garcia, 2002; Walker et al., 2003; Herman
et al., 2005), provide an interesting contrast. A variety of stress paradigms have been reported
to increase Fos expression in the BNST (Campeau and Watson, 2000; Greenwood et al.,
2003; Ma and Morilak, 2004; Mantella et al., 2004; Bali et al., 2005, Kiyokawa et al., 2005;
Spencer et al., 2005) and the LSV (Cullinan et al., 1995; Imaki et al., 1995; Lino-de-Oliveira
et al., 2001). Accordingly, Fos expression was markedly enhanced in the ipsilateral LSV after
microinjection of BMI in the DMH but not significantly changed in the BNST. Our negative
finding in the BNST contrasts with that of Silveira and colleagues (1995) who employed
electrical stimulation or microinjection of kainate 60 pmol or 120 pmol into the medial
hypothalamus. Microinjection of as little as 0.5 pmoles of kainate into the DMH is sufficient
to evoke marked cardiovascular and behavioral effects (DeNovellis et al., 1995), and electrical
stimulation is known to stimulate fibers of passage as well as local neurons. Therefore, it seems
likely that the increases in Fos expression in the BNST reported previously may not have been
a consequence of activation of neurons specifically in the DMH. Alternatively, neurons in the
DMH that may play a role in the recruitment of the BNST in stress, but, unlike those projecting
to the LSV and other regions examined here, disinhibition alone may be insufficient for their
activation.

Conversely, our observation that disinhibition of the DMH markedly enhances Fos expression
in the LSV represents the first evidence that the activation of this region known to occur in
stress could be signaled from the DMH. Projections from the DMH to the LSV have been
described in the rat (Thompson et al., 1996). Activation of neurons in the LSV is thought to
be a critical component of "flight" behavior (Roberts and Nagel, 1996), a response also
associated with microinjection of GABAA receptor antagonists or kainate into the region of
the DMH (Carrive et al., 1986; Shekhar et al., 1987; Silveira and Graeff, 1988; Siveira et al.,
1995). Thus, our results suggests that, while neurons in both the BNST and LSV may be
activated in stress, only in the latter region is signaling from the DMH likely to play a role in
this excitation, and that activation of projections from the DMH to the LSV may mediate in
part the behavioral changes evoked by stress in conscious rats.

In the brainstem, disinhibition of the DMH evoked increases in Fos expression in several
autonomic areas of importance with regard to cardiovascular regulation. Experimental stress
evokes increases in blood pressure and heart rate that are presumably mediated through
increased sympathetic activity (Chiueh and Kopin, 1978; Kvetnansky et al., 1979).
Accordingly, stress results in increased Fos expression in key brainstem regions thought to be
relevant to these effects (Palmer and Printz, 1999; Dayas et al., 2001; Greenwood et al.,
2003). In the present study, unilateral disinhibition of the DMH elevated arterial pressure and
evoked significant increases in Fos expression that were restricted to the ipsilateral VLM, a
region containing neurons primarily responsible for sympathetic regulation of blood pressure
(for review see Madden and Sved, 2003) and where chemical stimulation is known to elicit
marked pressor responses (Ross et al., 1984). Neurons in the DMH project directly to the VLM
(Fontes et al., 2001), and disinhibition of the DMH excites presumptive pre-vasomotor neurons
in the VLM (Horiuchi et al., 2004). Conversely, microinjection of muscimol into the VLM
suppresses the increases in blood pressure and renal sympathetic nerve activity evoked from
the DMH in anesthetized rats (Fontes et al., 2001; Horiuchi et al., 2004). Nevertheless, the
present findings represent the first direct demonstration that disinhibition of the DMH results
in excitation of neurons in this key brainstem region.

The present study also directly demonstrates for the first time that neurons in the rRP are
activated by disinhibition of the DMH. The rRP is known to be the location of premotor cardiac
sympathetic neurons and, as discussed above, disinhibition of neurons in the region of the RP
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results in sympathetically-mediated tachycardia closely resembling that seen after activation
of neurons in the DMH (Morrison et al., 1999; Cao and Morrison, 2003). Because DMH-
induced tachycardia can be markedly suppressed by microinjection of muscimol into the rRP
(Samuels et al., 2002). the latter region has been proposed to represent the principal brainstem
relay mediating DMH-induced tachycardia (Samuels et al., 2002, 2004; Cao and Morrison;
2003). The present findings thus support the conclusions of previous functional studies that
pointed to a role for neuronal activity rRP in the increases in heart rate seen after disinhibition
of the DMH.

Neurons in the NTS represent the first central synaptic relay for baroreceptor afferent activity
(for review see Dampney et al., 2003) and increased arterial pressure is known to result in
increased Fos expression in the region (Chan and Sawchenko, 1994, 1998; Dampney et al.,
2003). Microinjection of BMI into the DMH evoked significant and bilateral increases in Fos
expression in the same regions of the NTS, a finding consistent with the fact that this
intervention elevated mean arterial pressure. However, DMH-induced Fos expression was
significantly greater on the side ipsilateral to the side on which BMI was microinjected. This
difference was most likely a consequence of synaptic excitation mediated through highly
lateralized descending projections to the NTS.

The finding that disinhibition of the DMH increases Fos expression in the NTS may reflect
one or both of two mechanisms that are consistent with current views of hypothalamic
influences or stress on baroreflex function. Neurons in the DMH project to the NTS primarily
ipsilaterally (ter Horst and Luiten, 1986; Thompson et al., 1996), and disinhibition of the DMH
results in resetting of the baroreflex to a higher level (McDowall et al., 2006), an effect also
seen in stress in rats (Hatton et al., 1997, Kanbar et al., 2007). Hypothalamic effects on
baroreflex function seem to be exerted, at least in part, at the level of the NTS (Kunos and
Vargas, 1995; Chen et al., 1996; Sevoz-Couche et al., 2003) and were historically described
as inhibitory (see Nosaka, 1996). If so, then disinhibition of the DMH might have been expected
to suppress the increase in Fos expression in the ipsilateral NTS associated with the increase
in systemic arterial pressure. However, more recent analysis suggests that the sensitivity of
baroreflex modulation of sympathetic activity is increased by stress in rats (Kanbar et al.,
2007). Thus, the increased Fos expression in the NTS evoked by hypothalamic microinjection
of BMI in the present study may represent DMH-induced enhancement of baroreceptor afferent
input as is seen in stress. Alternatively, the increased Fos expression in the present study may
represent activation of inhibitory GABAergic interneurons in the NTS that have been proposed
to mediate stress- and DMH-induced suppression of the cardiac vagal component of the
baroreceptor reflex (Kunos and Varga, 1995).

In summary, the findings of this study demonstrate that microinjection of BMI into the DMH
evokes unilateral Fos expression in regions that have been implicated previously in the resulting
physiological and behavioral effects and also thought to mediate stress-induced cardiovascular,
neuroendocrine and behavioral changes. Furthermore, the overall pattern of Fos expression
evoked from the DMH was similar to that previously reported for experimental stress in
forebrain and brainstem structures. These results provide an anatomical correlate for previous
functional data that implicate the DMH and projections to these regions in diverse components
of the integrated physiological and behavioral responses to exteroceptive stress in rats.

4. EXPERIMENTAL PROCEDURES
Animals

Male Sprague Dawley rats (280–290 g) used in the study were housed individually under
standard conditions with free access to food and water. The animals were kept in a temperature-
controlled room (20–22°C) under a 12 hours light-dark cycle. All procedures involving animals
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in this study were adhered to National Institute of Health guidelines and were approved by
Institutional Animal Care and Use Committee of the Indiana University School of Medicine.

Surgeries
Telemetric transmitters (DataSciences Inc., St. Paul, MN) were implanted under ketamine/
xylazine anesthesia (80/11.5 mg/kg, i.p.) with catheter tips inserted into the femoral artery and
secured in the abdominal aorta. Five days after telemetric probe implantation, rats were
reanesthetized with pentobarbital (35 mg/kg, i.p., supplemented as needed) and mounted in a
stereotaxic frame (Kopf Instruments) with the incisor bar at +5 mm above interaural line. A
guide cannula for microinjection into the left DMH was implanted using target coordinates
with respect to bregma: AP-1.2; RL+2.1; DV-9.1; holder fixed at an angle of 10° from sagittal.
The implanted cannula was secured in place with three screws fixed to the skull and
cranioplastic cement. The animal was then returned to his home cage and at least 7 days were
allowed for recovery.

Experimental protocols
In order to verify placement of the guide cannulae, all rats were tested with microinjections of
BMI (10 pmol in 100 nl) 3–4 days prior to experimentation described below. Heart rate, blood
pressure and locomotor activity were recorded here and during all challenges described below
by telemetry using the DataQuest system (DataSciences Inc., St.Paul, MN). Only those rats
that responded to injection of BMI with maximal increases in heart rate over 100 beats per
minute were included in the study.

Each experimental run was performed between 10:00 AM and 2:00 PM and involved groups
of three rats: two rats received unilateral microinjections of BMI (10 pmol/100 nl), and one rat
received an identical microinjection of saline vehicle (100 nl). All microinjections were
performed in freely-moving animals without handling or restraint. Animals from a total of four
experimental runs (eight rats receiving BMI and four rats receiving saline) were processed for
analysis.

Perfusion and histology
Ninety minutes after microinjection of BMI or saline, rats were deeply anesthetized with
pentobarbital and perfused transcardially with 100 ml of cold 0.9% saline followed by 100 ml
of cold phosphate-buffered saline (PBS) containing 4% paraformaldehyde (pH 7.4). Brains
were removed and post-fixed in the same fixative for 2 hours at 4°C and then submerged in
PBS containing 25% sucrose for 48 hours at +4°C (with daily changes of the PBS–sucrose
solution). Subsequently, frozen coronal sections were cut at a nominal thickness of 30 µm using
a Leica cryostat, and stored at +4°C in PBS in culture plates. Sites of microinjection were
approximated by a blinded observer from the cannula tracks and local tissue damage at the
precise site of injection.

Immunohistochemical procedures and data analysis
After being washed and incubated in PBS containing blocking serum and 0.5% Triton X-100
for 1 hour, alternate sections of the brain were incubated for 48 hours at +4°C in anti-Fos rabbit
polyclonal antibody (1:10,000; Ab-5,Oncogene Research Products, Cambridge, MA). The
optimum dilution was determined to be 1:10,000 in preliminary experiments. Sections were
then washed in PBS and incubated successively with (1) biotinylated anti-rabbit sheep antisera
(1:200) for 1 hour; (2) avidin-biotin complex (dilution according to manufacturer’s protocol;
Rabbit IgG Vectastain ABC Kit; Vector Laboratories, Burlingame, CA); (3) 0.02% 3,3’-
diaminobenzidine tetrahydrochloride (DAB, Sigma) for 10 minutes; (4) 0.02 % DAB with
0.0005% H2O2 for 5–7 minutes with visual control of final precipitation of the color product.
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Sections were then washed, mounted on slides, air-dried, dehydrated and coverslipped with
Entellan (EM Science, Gibbstown, NJ). Conventional digital microscopic images of studied
areas of the brain were collected using Leica DM LB microscope (Germany), Spot CCD camera
(Diagnostic Instruments, Sterling Heights, MI), and a PC Pentium III computer equipped with
interface card.

Fos-positive cells were quantitated by an observer blinded to treatment groups in 6 (for LSV,
BNST, PVN, VLM and NTS) or 10 (for RP) representative sections corresponding to the main
body of the area or structure according to the atlas of Paxinos and Watson (1998). For LSV,
sections analyzed were from approximately +1.0 through - 0.2 mm with respect to bregma.
Only areas corresponding to the medial division and the medial part of the ventral division of
the BNST were quantitated. In the PVN, the parvocellular and magnocellular subdivisions
(pPVN and mPVN) were analyzed separately. Two separate regions of the VLM were
approximated and analyzed, including: (1) all sections corresponding to C1, a region where
epinephrine-containing neurons are found, located ventrally to nucleus ambiguus from −11.8
through −14.1 mm, including the region of a mixed population of epinephrine and
norepinephrine-containing neurons; and (2) A1, a region of norepinephrine-containing
neurons, located from approximately −14.1 through −14.3 mm from bregma (Dampney,
1994; Phillips et al., 2001). The RP was taken as the area of the medulla between the pyramids
extending from the base of the brain dorsally about 500 microns and from approximately −10.3
through −12.3 mm from bregma. (The parapyramidal region, an area lateral to the RP extending
over and adjacent to the pyramids, was also examined, but since no difference in fos expression
was evident between saline- and BMI-injected rats, this data was not included in the analysis.)
Two distinct regions of the NTS were quantitated: (1) the pre-commissural NTS, extending
from approximately −11.8 through −13.4 with respect to bregma; and (2) the post commissural
NTS extending from approximately −13.9 to −14.2 from bregma. The region of the DMH was
also analyzed by counting Fos-positive neurons in the area approximating the DMN, the region
two which all injection sites were localized (figure 2) and where Fos expression was clearly
the most intense. (Nevertheless, increased fos expression in rats injected with BMI extended
beyond the confines of the nucleus itself as described above.) Fos expression in a total of six
sections, centered around those in which the zona compacta of the DMN was clearly evident,
were quantitated.

Neurons were counted with ImageJ software (the Scion Corporation’s version of the NIH
public domain) using the densitometry tool with the manual pre-set feature (counting criteria
were defined specifically for each area and objective used for imaging). Data were summarized
for 4 rats/region in saline-injected control rats, and for 6–8 rats/region for BMI-injected
animals, and are expressed per section. Wherever sections were lost from a given region in a
rat, the region for this animal was excluded from the analysis. These data were analyzed using
two-way ANOVA with Newman-Keuls test was used for multiple post hoc comparisons (table
2). Data for baseline physiologic parameters were analyzed by one-way ANOVA (table 1).
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pPVN, paraventricular nucleus, parvocellular subdivision
mPVN, paraventricular nucleus, magnocellular subdivision
NTS, nucleus tractus solitarius
VLM, ventrolateral medulla
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rRP, rostral raphe pallidus
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Fig. 1.
Mean (± SEM) heart rate (top), blood pressure (middle), and locomotor activity over time in
rats receiving microinjection of saline (control rats - open circles) or BMI 10 pmol (filled
circles) into the DMH. All rats were perfused at +90 min for subsequent analysis of Fos
expression in selected brain regions.
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Fig. 2.
Schematic coronal sections of rat brain at the level of the DMH adapted from the atlas of
Paxinos and Watson (1998), depicting approximate sites of injection of BMI 10 pmol (filled
circles) or saline (open circles) in the DMH in all 12 rats subjected to analysis. DMN –
dorsomedial hypothalamic nucleus; f – fornix; mt – mammillothalamic tract; PH – posterior
hypothalamus; VMH – ventromedial hypothalamic nucleus. Numbers indicate distance from
bregma.
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Fig. 3.
Schematics depicting Fos expression in the DMH from two representative rats, treated with
unilateral microinjections of either saline (ABOVE) or BMI 10 pmol (BELOW) into the DMH.
Each dot represents one Fos-positive neuron. (For abbreviations, see legend of figure 2.) In
both cases, right side of panel represents injected side. INSET – High (40x) magnification
photomicrograph depicting cluster of Fos-positive neurons in the DMH. (calibration bar = 20
microns)
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Fig. 4.
Graphic summary of mean number (± SEM) of Fos-positive neurons per rat on the right (R)
and left (L) sides of the two major subdivisions of the PVN (pPVN – parvocellular; mPVN –
magnocellular; saline – n=4; BMI – n=8), the DMN (saline – n=4; BMI – n=7), and the LSV
(saline – n=4; BMI – n=6) in rats microinjected with saline 100 nL (open bars) or BMI 10 pmol
(filled bars) into the left DMH. # - greater than corresponding value in saline-injected control
rats; * - greater than uninjected side, p<0.05.
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Fig. 5.
Schematics adapted from the atlas of Paxinos and Watson (1998) for orientation (FAR LEFT
PANELS) and line drawings representing boxed areas in schematics (MIDDLE and RIGHT)
depicting Fos expression in coronal sections through the LSV (ABOVE) and PVN (BELOW)
from a representative saline-injected control rat (MIDDLE) and a rat after microinjection of
BMI 10 pmol (RIGHT) into the left DMH. Each dot represents one Fos-positive neuron. In all
cases, right side of panel is ipsilateral to injection site in the DMH.
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Fig. 6.
Schematic coronal sections adapted from the atlas of Paxinos and Watson (1998) depicting the
composite distribution of intense Fos expression extending continuously from the site of
injection of BMI in the DMH. Numbers indicate distance from bregma. Intense Fos expression
was apparent in all eight experiments at these two atlas levels only and is represented by shaded
area. Bold line outlines area where uniformly intense fos expression was apparent in at least
two experiments.
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Fig. 7.
Graphic summary of mean number (± SEM) of Fos-positive neurons per rat in the pre-
commissural (NTSpre; saline – n=4; BMI – n=6) and post-commissural (NTSpost; saline – n=4;
BMI – n=7) subregions of the brainstem NTS (left) and in the VLM at levels corresponding
to C1 (RVLMC1; saline – n=4; BMI – n= 6) and A1 (VLMA1; saline – n=4; BMI – n= 7)
according to the atlas of Paxinos and Watson (1998). Rats subjected to unilateral microinjection
of either saline 100 nL (open bars) or BMI 10 pmol (filled bars) into the left DMH. (R – right
side; L – left side) # - greater than corresponding value in saline-injected control rats; * - greater
than uninjected side, p<0.05.
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Fig. 8.
Fos expression in the rRP in saline- and BMI- treated rats. Schematic adapted from the atlas
of Paxinos and Watson (1998) for orientation (TOP LEFT) and line drawings representing
boxed area in schematic (BOTTOM) depicting Fos expression in the rRP in a representative
saline-injected control rat (BOTTOM LEFT) and a rat after microinjection of BMI 10 pmol
into the left DMH (BOTTOM RIGHT). Each dot represents one Fos-positive neuron. TOP
RIGHT - Graphic summary of mean number (± SEM) of fos-positive neurons in the rRP.
SALINE (left – open bar) – unilateral microinjection of saline 100 nL into the left DMH (n=4);
BMI (right – filled bar) – unilateral microinjection of BMI 10 pmol into the left DMH (n=8).
# - greater than corresponding value in saline-injected control rats, p<0.05.
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Table 1
Results of one-way ANOVA for blood pressure (BP), heart rate (HR), and locomotor activity (LA) in rats
microinjected with saline versus BMI into the DMH.

Baseline Treatment Time Interaction

BP NS 0.02 <0.001 <0.001
F(1,10)=7.7 F(34,340)=9.6 F(34,340)=4.7

HR NS <0.001 <0.001 <0.001
F(1,10)=33.8 F(34,340)=16.4 F(34,340)=9.6

LA NS <0.001 <0.001 <0.001
F(1,10)=10.5 F(34,340)=7.1 F(34,340)=4.3

Baseline HR=386±5 beats/min (n=12), baseline BP=105±3 mmHg (n=12)
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Table 2
Results of two-way ANOVA for Fos expression in rats microinjected with saline versus BMI into the DMH.

Treatment Side Interaction

LSV 0.002 0.003 0.003
F(1,8)=25 F(1,8)=19.2 F(1,8)=19.4

BNST NS NS 0.005
F(1,8)=5.3

pPVN 0.002 <0.001 0.002
F(1,10)=19.2 F(1,10)=23.8 F(1,10)=19.9

mPVN 0.004 <0.001 <0.001
F(1,10)=14.3 F(1,10)=27.3 F(1,10)=22.7

DMH 0.002 0.008 0.009
F(1,9)=18.8 F(1,9)=11.6 F(1,9)=11.1

VLMC1 NS NS 0.021
F(1,9)=7.8

VLMA1 NS 0.011 0.011
F(1,7)=11.7 F(1,7)=11.7

RP 0.007 - -
F(1,10)=11.2

NTSpre 0.033 0.019 NS
F(1,8)=6.6 F(1,8)=8.6

NTSpost NS 0.01 0.004
F(1,9)=10.7 F(1,9)=15.4
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