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Abstract
Panic patients are vulnerable to induction of panic attacks by subthreshold interoceptive stimuli
such as intravenous (i.v.) sodium lactate infusions. Facilitation of serotonergic signaling with
selective serotonin re-uptake inhibitors (SSRIs) can suppress anxiety and panic-like responses, but
the mechanisms involved are not clearly defined. We investigated the effects of i.v. 0.5M sodium
lactate or saline, in control and panic-prone rats on c-Fos expression in serotonergic neurons
within subdivisions of the midbrain/pontine raphe nuclei. Rats were chronically infused with
either the GABA synthesis inhibitor l-allylglycine (l-AG) into the dorsomedial hypothalamus
(DMH) to make them panic-prone, or the enantiomer d-allylglycine (d-AG) in controls. Lactate
increased c-Fos expression in serotonergic neurons located in the ventrolateral part of the dorsal
raphe nucleus (DRVL) and ventrolateral periaqueductal gray (VLPAG) of control, but not panic-
prone, rats. The distribution of lactate-sensitive serotonergic neurons in d-AG-treated rats is
virtually identical to previously defined pre-sympathomotor serotonergic neurons with
multisynaptic projections to peripheral organs mediating “fight-or-flight”-related autonomic and
motor responses. We hypothesize that serotonergic neurons within the DRVL/VLPAG region
represent a “sympathomotor control system” that normally limits autonomic/behavioral responses
to innocuous interoceptive and exteroceptive stimuli, and that dysfunction of this serotonergic
system contributes to an anxiety-like state and increases vulnerability to panic in animals and
humans.
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Introduction
Panic disorder is a severe anxiety disorder characterized by recurrent panic attacks,
consisting of pronounced fear and heightened cardiorespiratory responses (DSM-IV, 1994).
The initial pathology in many panic disorder patients appears to be alterations of central
neural pathways regulating normal adaptive panic responses, which renders the patients
susceptible to unprovoked panic symptoms when exposed to ordinarily mild interoceptive
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stressors (Vickers and McNally, 2005). In support of this, most panic disorder patients, but
not healthy controls, are hyper-responsive to normal interoceptive cues (Hoehn-Saric et al.,
2004; Pollock et al., 2006), and are also susceptible to induction of panic attacks by
subthreshold interoceptive stimuli such as intravenous (i.v.) 0.5 M sodium lactate infusions
or 7.5% CO2 inhalations (Liebowitz et al., 1986; Gorman et al., 1994).

Selective serotonin reuptake inhibitors (SSRIs) are effective in treating panic attacks and
have less negative associated side effects (Pohl et al., 1998; Al Haddad et al., 2001) yet little
is known about the serotonergic neuronal systems that may contribute to the prevention and
attenuation of recurrent panic attacks. The present study utilized a model of anxiety with
vulnerability to panic-like responses developed by Shekhar and colleagues, which involves
inhibiting γ-amino butyric acid (GABA)-ergic tone in the hypothalamus, in order to assess
anxiety-like behavioral responses and i.v. sodium lactate-induced neuronal responses in
distinct serotonergic neuronal populations in the midbrain and pons. The hypothalamus is
among the central pathways implicated in the development of recurrent panic attacks
(Javanmard et al., 1999; Boshuisen et al., 2002) and acutely removing local GABA-
mediated inhibition in the dorsomedial hypothalamic (DMH)/perifornical nucleus (PeF)
region of rats results in rapid mobilization of behavioral, autonomic and respiratory
components of panic attacks [see review (DiMicco et al., 2002)]. In the anxiety model with
increased vulnerability to panic developed by Shekhar and colleagues, chronically inhibiting
GABA synthesis in the DMH/PeF of rats leads to heightened baseline anxiety-like responses
and facilitation of anxiety- and panic-like responses following exposure to mild
interoceptive stressors [i.e., i.v. infusions of 0.5 M sodium lactate (Shekhar et al., 1996;
Shekhar and Keim, 1997, 2000; Johnson and Shekhar, 2006; Shekhar et al., 2006) or 7.5%
CO2 inhalation (Fitz et al., 2003)].

In order to identify specific midbrain/pontine serotonergic neuronal systems potentially
involved in regulation of sodium lactate-induced panic-like responses in anxious, panic-
prone rats, we studied the effects of i.v. infusions of 0.5 M sodium lactate or saline vehicle
in rats with prior infusions of the GABA synthesis inhibitor l-allylglycine (l-AG), or its
inactive isomer d-allylglycine (d-AG: controls), into the DMH/PeF. In order to investigate
cellular responses, the protein product of the immediate-early gene c-fos was immunostained
in midbrain/pontine serotonergic systems. We predicted that anxious, panic-prone rats
would have altered cellular responses in a distinct subset of serotonergic neurons in the
ventrolateral part of the dorsal raphe nucleus (DRVL)/ventrolateral periaqueductal gray
(VLPAG) region following lactate infusions since serotonergic neurons in this region have
previously been implicated in the inhibition of stress-induced behavioral and
sympathoexcitatory responses to aversive stimuli [see review (Johnson et al., 2004)] and
may represent the periventricular serotonergic path proposed to inhibit panic-associated
cardiovascular and respiratory responses (Graeff et al., 1997; Deakin, 1998; Johnson et al.,
2004; Johnson et al., 2005).

Materials and Methods
Animals and housing conditions

All experiments were conducted on adult male Sprague-Dawley rats (300-350 g), purchased
from Harlan Laboratories, that were housed individually in plastic cages under standard
environmental conditions (22 °C; 12/12 light/dark cycle; lights on at 7:00 A.M.) for 7-10
days prior to the surgical manipulations. Food and water were provided ad libitum. Animal
care procedures were conducted in accordance with the NIH Guidelines for the Care and
Use of Laboratory Animals (NIH Publication no. 80-23) revised 1996 and the guidelines of
the IUPUI Institutional Animal Care and Use Committee.
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Surgical procedures and osmotic minipump infusions
Prior to surgery, rats were anesthetized by placing them in a closed plexiglass box which
was connected to an isoflurane system (MGX Research Machine; Vetamic, Rossville IN);
anesthesia was maintained using a nose cone connected to the same system during the
surgery. All rats were fitted with femoral arterial catheters for measurement of mean arterial
blood pressure (MAP) and heart rate (HR) and with venous catheters for i.v. infusions, as
previously described (Shekhar, 1993).

MAP and HR were measured by an arterial line connected to a telemetric probe which
contained a pressure transducer [Cat. no. C50-PXT, Data Science International (DSI)].
Windows-based DATAQUEST software (DSI) was used to monitor and record MAP and HR in
conscious, freely moving rats.

After 3 days of recovery from surgery, rats were tested for baseline physiological and
behavioral responses to lactate (see below). Each rat was then implanted with a T-shaped 26
gauge cannula with the horizontal arm (Cat. no. 3260PG, Plastics One, Ranoake VA)
attached to a small Tygon tube containing sterile saline that was in turn connected to an
Alzet osmotic minipump (DURECT Corp. cat. no. 2002) containing the appropriate drug
solution [i.e., either the inactive isomer d-AG or the active isomer l-AG (an inhibitor of
GABA synthesis), Sigma-Aldrich, St. Louis, MO) as described previously (Shekhar et al.,
1996). Briefly, cannulae were directed at cardioexcitatory regions of the DMH [see (Johnson
and Shekhar, 2006)] based on the following coordinates [from Bregma: −1.2 mm posterior,
+2.1 mm lateral, −9.1 mm ventral and adjusted for approaching at a +10 degree angle
toward the midline with the stereotaxic incisor bar elevated 5 mm above the interaural line].

Once the cannula was placed at the coordinates targeting the DMH, 50 pmol/100 nl of the
GABAA receptor antagonist BMI was injected through the vertical arm of the cannula to
ascertain that the tip of the cannula was placed in a cardioexcitatory region (i.e., where BMI
elicits ≥ 50 beats/min in HR). The microinjection protocol commenced only after a stable
baseline heart rate and blood pressure had been established for ~10 min. Heart rate, MAP
and respiratory rate (RR; where applicable) were monitored for 5 min prior to the
microinjection and 15 min after. Once it had been established that the cannula placement
resulted in cardiovascular responses to BMI, the minipump containing the desired infusion
fluid was sutured underneath the skin between the scapulae. The concentration of the l-AG
or d-AG solutions was such that 3.5 nmol/0.5 μl/h of the drug was infused into the DMH/
PeF region over a 5 day period prior to i.v. infusions of sodium lactate or physiological
saline.

Description of sodium lactate infusion
Five days following stereotaxic surgery, rats were randomly assigned to four groups (n = 6
each): 1) d-AG/saline, 2) d-AG/sodium lactate, 3) l-AG/saline, and 4) l-AG/sodium lactate.
Rats were given their assigned i.v. infusion (saline or sodium lactate) and HR and MAP
were recorded continuously for 5 min prior to infusion (baseline) until 20 min following the
onset of sodium lactate infusion. The lactate infusion procedure has been described
previously (Shekhar et al., 1996). Briefly, freely moving rats in home cages were given i.v.
infusions of either 0.9% saline vehicle or 0.5 M sodium lactate in vehicle (10 ml/kg over 15
min), similar to clinical lactate infusions (Liebowitz et al., 1986).

Cardiovascular responses that are reported are the changes from the minimum baseline value
for HR (in beats/min) and MAP (in mm Hg) relative to the maximum HR and MAP during
the post-infusion period for each animal. For the duration of the experiment, MAP, HR and
RR were recorded continuously in conscious freely moving rats.
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Social interaction test
The social interaction (SI) test is a fully validated test of experimental anxiety-like behavior
in rats (File, 1980), and the procedure as used in our laboratory has been described
previously (Sanders and Shekhar, 1995; Shekhar and Katner, 1995). The apparatus itself
consists of a solid wooden box approximately 0.9 m long × 0.9 m wide with walls 0.3 m
high with an open roof. A video camera was fixed above the box, and all behavioral tests
were videotaped. Rats were tested under low red light (approximately 11 lux), familiar
conditions. Briefly, the “experimental” rat and an unfamiliar “partner” rat were placed
individually in the center of the box and allowed to habituate to the environment for a 5 min
period 24 h prior to each SI test. During the SI test the two rats were placed together in the
center of the box and the total duration (sec) of non-aggressive physical contact (grooming,
sniffing, crawling over and under, etc.) initiated by the “experimental” rat was quantified. A
baseline SI test was performed 72+ h after i.v. catheterization, but prior to osmotic
minipump implantation. Another SI test was performed 5 days following infusions of either
d-AG or l-AG into the DMH region through osmotic minipumps, immediately following i.v.
infusions of either saline or sodium lactate. Videotaped sessions were scored at a later time
by (SDF), who was blind to the experimental treatment of each rat.

Perfusion
Ninety min following the initiation of sodium lactate or saline infusions, rats were
anesthetized and perfused with 250 ml of ice cold 0.05 M phosphate buffered saline (PBS),
then 250 ml of ice cold 4% paraformaldehyde in 0.1 M sodium phosphate buffer containing
1.5% sucrose in preparation for immunohistochemistry. Serial coronal sections (30 μm)
were cut using a cryostat to yield six alternate sets of sections. The present analysis used one
set for double immunostaining of c-Fos-positive cells and tryptophan hydoxylase- (TPH−)
positive neurons in order to analyze cellular responses in midbrain/pontine serotonergic
neurons. Alternate sets of sections were used for detailed characterization of c-Fos
immunostaining in other brain regions and these results are described elsewhere in two
previously published articles. In the first article, two series of DMH/PeF brain sections were
immunostained for c-Fos and the NR1 subunit of the NMDA receptor or the GluR2,3
subunit of the AMPA receptor (Johnson and Shekhar, 2006). In the second article, five of
the six alternative sets of sections were immunostained [one set each for methyl green
(hypothalamus only), GABA (hypothalamus only), c-Fos (entire brain), c-Fos/tyrosine
hydroxylase (TH, brainstem only), c-Fos/choline acetyltransferase (ChAT, medulla only)
and c-Fos/GAD67 (medulla only)] (Johnson et al., submitted).

Minipump cannula-placement verification
One series of coronal sections was mounted on slides, dried overnight, hydrated, and stained
with 1% methyl green (Cat. no. 198080, Sigma) solution in H20. Minipump cannula tip
placement was verified at 400X magnification using a Leica DME binocular microscope
(Fisher Scientific Ltd.), by an investigator (PLJ), who was blind to the experimental
treatment of each rat.

Immunohistochemistry
All brain sections were immunostained with the appropriate primary antibody (i.e., c-Fos/
TPH) in a single immunohistochemical run, rather than in batches, with large volume
incubations to limit variability in the quality or intensity of immunohistochemical staining
among brain sections.
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Double immunohistochemistry
Double immunostaining for c-Fos protein and TPH protein was conducted as described
previously (Johnson et al., 2005). Immunostaining for c-Fos was done first, followed by
immunostaining for TPH using primary antibodies directed against c-Fos [rabbit anti-c-Fos
polyclonal, affinity-purified antibody, Cat. no. PC38, Ab-5, Calbiochem; diluted 1:8,000 in
PBS containing 0.1% Triton X-100 (PBST)] then TPH (sheep anti-TPH polyclonal affinity-
purified antibody, Cat. no. 9260–2505, Biogenesis; diluted 1:12,000 in PBST). For c-Fos
and TPH immunostaining, free-floating sections were washed in PBS, incubated in 0.1%
H2O2 in PBS for 20 min, washed again and then incubated 14-16 h with primary antibody
solution. The following day sections were washed in PBST then incubated 2 h in the
appropriate secondary antibody: c-Fos (biotinylated swine anti-rabbit IgG, Cat no. E0353;
DakoCytomation, Ltd., Ely, UK, diluted 1:500) or TPH (biotinylated rabbit anti-sheep IgG,
Cat. no. BA6000, Vector Laboratories, Peterborough, UK, diluted 1:500). Sections were
washed in PBST then incubated 1.5 h in an avidin-biotin complex (Cat no. PK-6100, Vector
Laboratories; diluted 1:500). Substrates for chromogen reactions were SG (c-Fos; SK-4700,
Vector Laboratories) or 0.01% 3,3′-diaminobenzidine tetrahydrochloride (TPH; DAB,
D-5637, Sigma-Aldrich, Poole, UK) in PBS containing 0.003% H2O2, pH 7.4. Substrate
reactions were run for 15 min each for c-Fos and TPH.

Methods for cell counting
c-Fos immunoreactivity was dark blue/black and confined to the nucleus while TPH
immunostaining was a light brown and localized to the cytoplasm. Analysis of the numbers
of c-Fos-ir serotonergic neurons (c-Fos-ir/TPH-ir), c-Fos non-serotonergic cells (c-Fos-ir/
TPH-immunonegative), and the total number of TPH-ir neurons sampled was conducted
using a single section at each of 5 anatomical levels of the midbrain/pons from −7.55 to
−8.54 mm Bregma, containing the median (MnR) and dorsal raphe (DR) nuclei. Within the
DR, subregional analyses were also conducted (see Fig. 1A). Cell counts were done
bilaterally where applicable (e.g., the DRVL/VLPAG region) and the counts were combined
for each Bregma level for each rat. Selection of anatomical levels for analysis and
identification of subnuclei was conducted with reference to illustrations from a standard
stereotaxic rat brain atlas as shown in Fig. 1B (Paxinos and Watson, 1997). The subregional
analyses in Fig. 1A were very similar to Paxinos and Watson's subdivisions of the DR, with
the exception of the DRVL region. Many of the large multipolar serotonergic neurons in
lateral wings of the DR are located in the VLPAG, rather than the DRVL (compare Fig. 1A
and 1B). Other regions studied included the dorsal raphe nucleus, caudal part (DRC), dorsal
raphe nucleus, dorsal part (DRD), dorsal raphe nucleus, interfascicular part (DRI), dorsal
raphe nucleus, ventral part (DRV), and median raphe nucleus (MnR). All cell counts were
done at 400X magnification by an observer (PLJ), who was blind to the experimental
treatment of each rat.

Photography
Photomicrographs were obtained using a Leica brightfield microscope (DMLB, Leica
Mikroskopie and Systeme GmbH, Wetzler, Germany) using N plan 5X, 10X and 40X
objective lenses, an Insight digital camera (Diagnostics Instruments Inc., Sterling Heights,
MI, USA) and SPOT 3.5.5 for Windows digital imaging software (Silicon Graphics,
Mountain View, California, USA). Photographic plates were prepared in CorelDraw 11.633
for Windows (Viglen Ltd.,Wembley, UK).

Statistical analyses
Each dependent variable for in vivo analyses (i.e., the change in SI duration, HR and MAP
following i.v. infusions relative to baseline measurements) was analyzed using a two-way
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ANOVA with repeated measures with l-AG and lactate as between-subjects factors and time
as a within-subjects factor. Each dependent variable for cell counts (c-Fos+/TPH+, c-Fos+/
TPH−, total TPH+) was analyzed using a two-way ANOVA with repeated measures with
lactate and l-AG as between-subjects factors and brain region as a within-subjects factor. In
the presence of significant main effects or interactions, post hoc tests were conducted using
Fisher's Protected Least Significant Difference (FLSD) tests. All statistical analyses were
carried out using SYSTAT 5.02 for Windows (SYSTAT Inc., Evanston, IL), and all graphs
were generated using SigmaPlot 2001 for Windows (SPSS Inc., Chicago, IL, USA).

Results
Cannula placement

All cannula placements for osmotic minipump infusions of l-AG or d-AG were included in
the present study since they resided in regions of the DMH and posterior hypothalamus (PH)
known to be cardioexcitatory (Samuels et al., 2004) and they were confirmed as
cardioexcitatory sites by verifying that injection of BMI under anesthesia increased HR by at
least 50 beats/min. Although there was some damage at the site of implantation the majority
of the tissue in the DMH/PH region was still intact surrounding the infusion site. Also, the
amount of tissue damage was similar in the l-AG-infused and the d-AG-infused animals,
suggesting that nonspecific injury to the DMH/PH region was not responsible for the lactate
response. An illustration of the minipump placements from this study has been published
previously in conjunction with a detailed characterization of cellular responses within the
DMH/PeF region (Johnson and Shekhar, 2006).

Anxiety-like behavioral and panic-like cardio-respiratory responses
A detailed characterization of the anxiety-like behavioral responses and the panic-like
cardio-respiratory responses in these rats has been published previously (Johnson and
Shekhar, 2006). Briefly, consistent with previous studies, l-AG- but not d-AG-treated rats,
with or without i.v. sodium lactate infusions, displayed shorter SI times, compared to
baseline (an anxiogenic effect). A detailed characterization of i.v. sodium lactate-induced
panic-like cardio-respiratory responses in l-AG-treated rats has been published elsewhere
(Johnson and Shekhar, 2006). Briefly, in agreement with previous studies, i.v. sodium
lactate infusions produced tachycardia and increased blood pressure in rats made anxious
and panic-prone with prior l-AG infusions into the DMH/PH region but not in d-AG-treated
rats.

c-Fos in midbrain and pontine serotonergic neurons
Subregional analysis of the numbers of c-Fos-ir serotonergic neurons within subdivisions of
the DR revealed an l-AG × lactate × raphe subregion interaction (Fig. 2; F(15,300) = 3.2, P <
0.001), demonstrating that the effects of treatment were dependent on brain region. No
treatment effects were observed on the total number of TPH-ir neurons analyzed in
subdivisions of the midbrain and pontine raphe nuclei.

Post hoc pairwise comparisons revealed that i.v. lactate infusion increased c-Fos expression
in serotonergic neurons within a number of subregions of the midbrain or pontine raphe
nuclei studied, but invariably this effect was observed only in d-AG-treated (control) rats
(Fig. 2). These increases were particularly evident in the DRVL/VLPAG region at both
levels studied (−8.00, −8.18 mm Bregma; Fig. 2, 3A-E, 3E-H). Smaller, but significant,
lactate-induced increases in c-Fos expression in serotonergic neurons were observed in other
regions including one level of the DRV (Fig. 3A-E, 3I-L) and adjacent DRI studied (−8.36
mm Bregma; Fig. 2) and the caudal pole of the DR (DRC, −8.36 mm Bregma; Fig. 2). There
were no effects of i.v. lactate infusion on c-Fos expression in serotonergic neurons in other
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regions studied, including rostral regions of the DRD and DRV, or any region of the MnR
studied. In marked contrast to the effects of lactate in d-AG-treated rats, lactate-induced
increases in c-Fos expression in serotonergic neurons were not observed in any subdivision
of the raphe nuclei studied in l-AG-treated rats.

Regression analyses revealed that the total number of c-Fos/TPH-positive cells in the
DRVL/VLPAG region of all rats did not correlate with the HR [−8.00 mm Bregma, r2=0.03,
p=0.471; −8.18 mm Bregma, r2=0.005, p=0.782], MAP [−8.00 mm Bregma, r2=0.002,
p=0.863; −8.18 mm Bregma, r2=0.01, p=0.725], RR [−8.00 mm Bregma, r2=0.003,
p=0.816; −8.18 mm Bregma, r2=0.03, p=0.522] or SI [−8.00 mm Bregma, r2=0.17, p=0.053;
−8.18 mm Bregma, r2=0.03, p=0.406] post i.v. infusion.

c-Fos responses in non-serotonergic neurons in the DRVL/VLPAG
The numbers of c-Fos-ir nonserotonergic cells (TPH-immunonegative) were also counted in
the DRVL/VLPAG region. Neither treatment (i.e., l-AG or lactate) altered the number of c-
Fos+/TPH-immunoreactive cells in the DRVL/VLPAG region at −8.00 mm Bregma (l-AG
effect F(1,20) = 0.1, P = 0.798; lactate effect F(1,20) = 3.1, P = 0.095 and l-AG × lactate
interaction F(1,20) = 0.9, P = 0.350; data not shown).

Discussion
Disruption of GABA synthesis following chronic infusion of l-AG into the medial
hypothalamus resulted in a long-lasting increase in anxiety-like state as measured in the SI
test (Johnson and Shekhar, 2006). In addition, l-AG-treated rats with a chronic increase in
anxiety-like state, but not d-AG-treated control rats, showed a vulnerability to panic-like
cardiorespiratory responses following i.v. infusions of sodium lactate. Vulnerability to
panic-like cardiorespiratory responses in l-AG-treated, chronically anxious rats was
associated with a lack of c-Fos expression in specific subpopulations of serotonergic
neurons with the midbrain/pontine raphe nuclei, a cellular responses that was clearly evident
in control (d-AG-treated) rats without lactate-induced panic-like cardiorespiratory responses.
Of all the serotonergic cell groups that were analyzed, a distinct cluster of large multipolar
serotonergic neurons in the DRVL/VLPAG region had the most robust increase in c-Fos
induction following sodium lactate infusions in d-AG-treated rats. The c-Fos induction in
serotonergic neurons in the DRVL/VLPAG region did not correlate with any anxiety or
panic-like response. This is not surprising as L-AG treatment is likely to both alter (increase)
the excitatory drive mediating panic-like responses as well as alter (decrease) the inhibitory
drive restraining panic-like responses, and therefore the functional state of serotonergic
neurons would not be expected to account entirely for the variability in the response.. Other
groups of serotonergic neurons within the caudal part of the DR, including the DRV, DRI,
and DRC responded with smaller, but significant, increases in c-Fos expression, that also
were observed only in d-AG-treated rats. In contrast, there were no effects of sodium lactate
infusion on c-Fos expression in serotonergic neurons in the rostral DR or the MnR of either
d-AG or l-AG treated rats.

Serotonergic neurons within the DRVL/VLPAG region are tightly apposed to bilateral
penetrating arteries and may provide important inhibitory input to the dorsolateral
periaqueductal gray (DLPAG) and rostroventrolateral medulla (RVLM) to prevent or inhibit
“fight-or-flight” or panic-like cardiorespiratory responses [for review, see (Johnson et al.,
2004)].

In support of this hypothesis, microstimulation of the DLPAG elicits sympathoexcitatory
and “fight or flight” responses (Beckett et al., 1992; Beckett and Marsden, 1997; Jacob et
al., 2002), whereas chemical stimulation of the VLPAG, which contains serotonergic
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neurons, leads to an inhibition of sympathoexcitation and freezing behavior (Bago and
Dean, 2001; Odeh et al., 2003). Although it has been hypothesized that the VLPAG directly
holds the DLPAG in check, the underlying mechanisms are largely unknown (Graeff et al.,
1996; Graeff et al., 1997). However, there is evidence suggesting that the DRVL/VLPAG
inhibits the DLPAG through a serotonergic mechanism since chemical stimulation of the
VLPAG leads to a 15-fold increase in serotonin (5-hydroxytryptamine; 5-HT) in the
DLPAG associated with an inhibition of unconditioned fear (Viana et al., 1997).
Furthermore, prior microinjections of either 5-HT or a 5-HT1A receptor agonist into the
dorsal PAG (DPAG) attenuate fear-related physiological and behavioral responses resulting
from microstimulation of the DPAG (Beckett et al., 1992; Beckett and Marsden, 1997;
Jacob et al., 2002). Taken together, these data suggest that the serotonin arising from the
DRVL/VLPAG region may have panicolytic effects in part via actions within the DLPAG.

Serotonergic neurons in the DRVL/VLPAG region also appear to contribute to inhibition of
stress-induced sympathoexcitation through actions in the rostroventrolateral medulla
(RVLM), a medullary structure that plays a critical role in increasing blood pressure in
response to hypertensive stress (Ross et al., 1984; Yamada et al., 1984). Although a
significant proportion of serotonergic innervation in the RVLM arises from medullary
sources, the majority of serotonergic projections in the midbrain/pons to the RVLM arise
almost exclusively from serotonergic neurons in the DRVL/VLPAG region (Bago et al.,
2002), consistent with the finding that lesioning the DR leads to a 35% reduction in
concentrations of 5-HT within the RVLM (Underwood et al., 1999). Serotonin appears to
act in the RVLM to suppress sympathetic activity, since microinjections of 5-HT or 5-HT1A
receptor agonists into the RVLM inhibit pre-existing hypertension (Bago et al., 1999; Bago
and Dean, 2001). Overall these findings suggest that serotonergic projections arising from
the DRVL/VLPAG region may play a fundamental role in the mechanisms underlying the
effects of serotonergic drugs on fear- or panic-associated physiological and behavioral
responses. Furthermore, the serotonergic neurons in the DRVL/VLPAG region may be the
source of 5-HT within the periventricular path, a serotonergic projection hypothesized by
Graeff and colleagues (Graeff et al., 1997) to inhibit or prevent sympathoexcitation and
panic in the presence of ordinarily mild interoceptive or exteroceptive stress-related stimuli.

The anatomically specific effects of lactate on subsets of serotonergic neurons within the DR
in d-AG-treated rats are most likely due to effects of lactate on circumventricular organs
(CVOs) since lactate does not readily cross the blood-brain barrier and CVOs are thought to
be critical for the brain to respond to osmotic changes (Hochstenbach and Ciriello, 1996).
Furthermore, previous studies have demonstrated the importance of the OVLT in lactate-
induced panic-like cardiorespiratory responses in panic-prone rats (i.e., rats with chronic
intra-DMH/PeF infusions of l-AG) (Shekhar and Keim, 1997). Although the mechanism
through which the lactate signal reaches the serotonergic neurons in the DRVL/VLPAG was
not addressed in the present study, there are at least two possible routes. One is that the
OVLT relays the signal directly to the DRVL/VLPAG, since the OVLT directly and
selectively innervates the DRVL/VLPAG region at that level of the midbrain (Thompson
and Swanson, 2003). Another route is via the DMH/PeF region. The DMH/PeF is a major
target of CVOs such as the OVLT (Thompson and Swanson, 1998). The DMH/PeF region
in turn selectively innervates the DRVL/VLPAG region within the midbrain (Thompson et
al., 1996). Based on this, lactate-sensitive neurons in the OVLT (Johnson and Gross, 1993)
could relay this signal to the DRVL/VLPAG, either directly or indirectly, via the DMH/PeF.

Based on the present findings, we hypothesize that in control d-AG-treated rats the lactate
signal is relayed to the DRVL/VLPAG region as part of an inhibitory feedback mechanism
designed to limit panic-like cardiorespiratory responses. Previously we have demonstrated
that although the lactate signal is most likely relayed to the DMH/PeF of both control and
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panic-prone rats, only panic-prone rats had increased cellular responses in the DMH/PeF
region (Johnson and Shekhar, 2006) and efferent targets of the DMH/PeF that are involved
in central sympathetic responses (Dampney, 1994; Thompson and Swanson, 1998; Fontes et
al., 2001). Therefore, it is possible that sodium lactate activates OVLT neurons projecting to
the DRVL/VLPAG region in both d-AG- and l-AG-treated rats, but that serotonergic
neurons in l-AG-treated rats are desensitized to the afferent signals, lack convergent
stimulatory input from other brain regions, or are actively inhibited by local regulatory
mechanisms or by afferents from higher brain structures. For example, in primates the
DRVL/VLPAG region receives direct input from the frontal cortex (predominantly the
orbito-insular region) (Keay and Bandler, 2001). Meanwhile, neuroimaging studies in
human patients have shown that the orbitofrontal cortex/anterior insula, together with the
anterior cingulate, may represent a nodal point integrating somatic and cognitive symptoms
of anxiety disorders (Malizia, 1999). Moreover, the insular cortex is noted as an important
viscerosensory structure, responsive to multiple viscerosensory stimuli, including arterial
chemoreceptor stimulation, baroreceptor stimulation, gastric mechanoreceptor input, taste,
and changes in respiratory activity (Cechetto and Saper, 1987), and therefore is ideally
suited to relay interoceptive signals, including multimodal signals derived from sodium
lactate infusions, directly to the DRVL/VLPAG region.

Functional topography of serotonergic systems
Another important finding is that serotonergic neurons in the DR had heterogenous
responses to l-AG and lactate in different subdivisions, supporting the idea that the DR is
not a functionally homogeneous group of serotonergic neurons. Effects of lactate in d-AG-
treated rats were observed principally within the DRVL/VLPAG region, but also in the DRC
and caudal parts of the DRV and DRI. There were no effects of lactate in the rostral DR or
MnR. The idea that serotonergic neurons, mainly in the DRVL/VLPAG region suppress
behavioral and autonomic responses to lactate is supported by anatomical studies identifying
serotonin neurons in this region as part of a “sympathomotor control center” (Kerman et al.,
2006). Briefly, serotonin neurons predominantly within the DRVL/VLPAG region (21
neurons), but also within the DRV (9 neurons) and DRC (3 neurons) regions, were identified
as presympathetic-premotor neurons with collateral projections to both the adrenal gland and
hindlimb muscle involved in the fight-or-flight response. The pattern of c-Fos activation in
the present study is consistent with a selective activation of this subset of serotonergic
neurons by lactate, and the hypothesis that under normal conditions these serotonergic
neurons limit both the autonomic and behavioral components of panic-like responses. In
contrast, failure to activate this subpopulation of serotonergic neurons, as in l-AG-treated
rats in the present study, would be expected to leave autonomic and motor responses
unchecked.

Clinical relevance: panic and anxiety disorders
The data reported here are consistent with the hypothesis that disinhibition of the DMH/PeF
region results in a long-lasting anxiety-like state with vulnerability to panic-like
cardiorespiratory responses to sodium lactate. Under normal conditions, activation of
serotonergic, pre-sympathomotor regulatory neurons within the DRVL/VLPAG region,
resulting in enhanced synaptic availability of serotonin in either the DLPAG or RVLM,
serves to prevent or inhibit panic-like responses. Dysregulation of this inhibitory
sympathoregulatory system may lead to higher likelihood of panic-like cardiorespiratory
responses to otherwise subthreshold interoceptive stimuli, such as infusions of 0.5M sodium
lactate. Although it is unknown at this point if treatment with SSRIs will attenuate or block
lactate-induced panic-like cardiorespiratory responses in these panic-prone rats, pretreating
rats with the antidepressant imipramine attenuates panic-like responses as a result of acutely
inhibiting GABAergic activity in the DMH/PeF (Shekhar, 1994). Furthermore, increased
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tryptophan availability has been linked to reduced onset and severity of panic attacks in
humans. Tryptophan is the amino acid precursor of 5-HT and increased availability of
tryptophan can lead to increased synthesis and release of central 5-HT (Tagliamonte et al.,
1973). Conversely, acute dietary tryptophan depletion in humans results in rapid reductions
of central 5-HT and can exaggerate responses to interoceptive stimuli (i.e., hypercarbic gas
exposure) in normal humans (Schruers et al., 2000). Furthermore, oral administration of 5-
hydroxytryptophan, the precursor to 5-HT, (Schruers et al., 2002) or the SSRI fluvoxamine
(Pols et al., 1996) to panic patients attenuates panic-related responses resulting from a single
breath of 35% CO2. The ability of SSRIs to increase synaptic availability of 5-HT within the
specific serotonergic systems outlined here may explain, in part, the underlying mechanisms
through which these drugs have therapeutic value in panic disorder patients (Pohl et al.,
1998; Al Haddad et al., 2001). Further characterization of the anatomical and functional
properties of central serotonergic systems responsible for inhibition of autonomic and
behavioral responses may lead to novel therapeutic strategies for the treatment of panic and
anxiety disorders.

Clinical considerations
There are some important similarities in the biological substrates underlying anxiety- and
panic-like responses. In the DMH/PeF anxiety model with vulnerability to panic, local
chronic l-AG treatment produces increased anxiety at baseline and a vulnerability to panic-
like cardiorespiratory responses to i.v. infusions of sodium lactate (Shekhar et al., 1996;
Shekhar and Keim, 1997, 2000; Johnson and Shekhar, 2006; Shekhar et al., 2006). In
contrast, repeated subthreshold BMI (Sajdyk and Shekhar, 2000) injections into the
basolateral amygdaloid complex produces rats that exhibit no baseline increases in anxiety-
but panic-like responses (i.e., decreased SI duration and increased cardiovascular responses)
after the i.v. lactate challenge (Sajdyk and Shekhar, 2000). We have also dissociated
increases in baseline anxiety responses (as measured by the SI test) from vulnerability to
lactate-induced cardiorespiratory responses by injecting muscimol, a GABAA receptor
agonist, into the bed nucleus of the stria terminalis (BNST) of l-AG-treated rats prior to
lactate infusion. Muscimol injections into the BNST restored SI duration to baseline without
altering lactate's ability to elicit panic-like cardiorespiratory responses (Johnson et al.,
unpublished). Thus, vulnerability to panic-like responses to sodium lactate does not always
require a baseline increase in anxiety-like state, suggesting that the neural pathways
mediating anxiety-like behavioral responses and panic-like cardiorespiratory responses to
lactate in vulnerable rats appear to be distinct.

As implied previously, the panic-like cardiorespiratory responses to sodium lactate observed
in the present study in l-AG-treated rats appear to be closely related to “fight-or-flight”
responses. For instance, although we did not measure behavior in a home cage environment,
acutely removing local tonic GABA-mediated inhibition in the DMH/PeF with BMI results
in a rapid mobilization of “flight” (as measured by increased locomotion in the home cage
environment) in addition to the panic-like autonomic and respiratory components of the
fight-or-flight response [see review (DiMicco et al., 2002)].

Technical considerations
Immunostaining the transcription factor c-Fos is a useful tool for detailed mapping of
multisynaptic neuronal responses after acute exposure to stress-related stimuli (Kovacs,
1998). Cellular responses can occur independent of c-Fos induction, therefore the absence of
c-Fos may not reflect a lack of cellular response to a given treatment (Morgan and Curran,
1989; Chan et al., 1993; Cullinan et al., 1995). Conversely, the presence of c-Fos
immunostaining reflects a cellular response, which does not necessarily reflect an increase in
neuronal firing rates (Morgan and Curran, 1989). The strengths of using c-Fos as a measure
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of cellular responses are that it is accepted as a marker of postsynaptic neuronal responses to
increased synaptic input (Morgan and Curran, 1986) or receptor signaling (Linden et al.,
2003) and is a useful marker of neuronal pathways that are involved in processing these
afferent signals.

Conclusions
In intact rats, serotonergic responses in the DRVL/VLPAG region following infusion of
sodium lactate may be associated with terminal release of 5-HT at efferent targets such as
the DLPAG and/or RVLM where 5-HT is known to inhibit panic-associated cardiovascular
responses. This may represent an adaptive mechanism for preventing excessive “fight or
flight”/panic-like cardiorespiratory responses when facing an imminent threat. Disruption of
GABAergic tone in the DMH/PeF prevents activation of DRVL/VLPAG serotonergic
neurons, resulting in hyper-reactivity of cardiorespiratory responses to interoceptive
stressors.
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Figure 1.
Topography of midbrain raphe nuclei studied. A) Areas where cell counts were made
compared to B) subregions of the DR according to a standard stereotaxic atlas of the rat
brain (Paxinos and Watson, 1997). Note in B) how there are substantial numbers of
serotonergic neurons which are in the VLPAG rather than in the DR. Scale bar, 400 μm.
Abbreviations: Aq, cerebral aqueduct; DRC, dorsal raphe nucleus, caudal part; DRD, dorsal
raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular part; DRV, dorsal
raphe nucleus, ventral part; DRVL, dorsal raphe nucleus, ventrolateral part; mlf, medial
longitudinal fasciculus; MnR, median raphe nucleus; VLPAG, ventrolateral periaqueductal
gray.
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Figure 2.
Disruption of GABAergic tone in the dorsomedial hypothalamus/perifornical nucleus region
(DMH/PeF) attenuates lactate-induced responses in subsets of serotonergic neurons in the
dorsal raphe nucleus. Graphs illustrate the effects of intra-DMH infusions of either l-
allylglycine (l-AG) or its inactive enantiomer, d-allylglycine (d-AG), on subsequent
responses to i.v. infusions of sodium lactate (Lac). Bars with gray outlines represent the total
number of tryptophan hydroxylase (TPH)-positive neurons sampled. Bars with black
outlines represent the number of c-Fos-positive/TPH-positive neurons (see legend located in
the lower right of the figure). Numbers above shaded bars represent the percentages of TPH-
ir neurons that were also c-Fos-ir. All values represent means ± S.E.M. *P < 0.05, Fisher's
Protected Least Significant Difference test, comparing the two groups indicated by black
lines above the bars.
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Figure 3.
Disruption of GABAergic tone in the dorsomedial hypothalamus/perifornical nucleus region
(DMH/PeF) attenuates lactate-induced responses in serotonergic neurons in the dorsal raphe
nucleus, ventrolateral part (DRVL)/ventrolateral periaqueductal gray (VLPAG) region. A-
D) Low magnification photomicrographs illustrate tryptophan hydroxylase (TPH)/c-Fos
dual immunostaining in the dorsal raphe nucleus and VLPAG region at −8.00 mm Bregma.
Boxes in A-D indicate regions of the DRVL/VLPAG region (E-H) and dorsal raphe nucleus,
ventral part (DRV) (I-L) shown at higher magnification in lower panels. TPH
immunostaining (light brown) identifies serotonergic neurons and is localized to the
cytoplasm while nuclear c-Fos immunostaining is localized to the nucleus (blue-black).
Insets in panels E-H illustrate selected regions of each panel shown at higher magnification.
Arrows indicate c-Fos-positive/TPH-positive neurons. Scale bar, A-D, 290 μm; E-L, 30 μm;
E-H (insets), 24 μm; I-L, 50 μm. Additional abbreviations: aq, cerebral aqueduct; mlf,
medial longitudinal fasciculus.
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Figure 4.
Proposed periventricular serotonergic path, arising from the DRVL/VLPAG region, as part
of a sympathomotor control system. Serotonergic neurons in the DRVL/VLPAG region
project, via monosynaptic pathways, to the DLPAG region involved in panic-like behavioral
responses to aversive stimuli and to the rostral ventrolateral medulla (RVLM) involved in
stress-induced hypertension and sympathetic activation (Johnson et al., 2004). Serotonergic
neurons in the DRVL/VLPAG region project, via multisynaptic pathways, to both the
adrenal gland and skeletal muscle (Kerman et al., 2006), providing an anatomical substrate
for synchronized control of both autonomic and behavioral responses to aversive or panic-
inducing stimuli. For functional topography of serotonergic systems, see reviews (Graeff et
al., 1997; Lowry, 2002; Johnson et al., 2004). Circle with gray shading indicates the DRVL/
VLPAG region containing serotonergic neurons activated by sodium lactate infusions in
control rats, but not in anxious, panic-prone rats with inhibition of GABAergic tone in the
dorsomedial hypothalamus. Abbreviations: 4n, trochlear nerve; DLPAG, dorsolateral
periaqueductal gray; DMPAG, dorsomedial periaqueductal gray; LPAG, lateral
periaqueductal gray; py, pyramidal tract; ROb, raphe obscurus nucleus; RPa, raphe pallidus
nucleus; RVLM, rostral ventrolateral medulla; scp, superior cerebellar peduncle; xscp,
decussation of the superior cerebellar peduncle. For additional abbreviations, see Figure 1
legend.
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