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Abstract
The current study tested the hypotheses that chronic loss of inhibitory GABAergic tone in the bed
nucleus of the stria terminalis (BNST), a region implicated in anxiety behavior, results in
generalized anxiety disorder-like behaviors without panic-like responses (i.e., tachycardia,
hypertension and tachypnea) following panicogenic stimuli (e.g., sodium lactate infusions). To test
this hypothesis, the GABA synthesis inhibitor L-allylglycine (L-AG) or its inactive isomer D-AG
was chronically infused into the BNST of male rats via osmotic minipumps. L-AG, but not D-AG,
treated rats had increased anxiety-like behavior as measured by social interaction (SI) and elevated
plus maze paradigms. Restoring GABAergic tone, with 100pmoles/100nl of muscimol (a GABAA
receptor agonist), in the BNST of L-AG treated rats attenuated L-AG-induced anxiety-like
behavior in the SI test. To assess panic-like states, L-AG treated rats were intravenously infused
with 0.5M sodium lactate, a panicogenic agent, prior to assessing SI and cardiorespiratory
responses. L-AG decreased SI duration again; however, sodium lactate did not induce panic-like
cardiorespiratory responses. These findings demonstrate that GABA inhibition in the BNST elicits
anxiety-like behavior without increasing sensitivity to lactate, thus suggesting a behavioral profile
similar to that of generalized anxiety-like behavior rather than that of panic.
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Introduction
The bed nucleus of the stria terminalis (BNST) is a heterogeneous nucleus defined as part of
the extended amygdala. Anatomically, the extended amygdala arises from both the central
and the medial nuclei, with the central nucleus giving rise to the lateral BNST and the
medial nucleus projecting to the medial BNST (Cassell et al., 1999; McDonald, 2003).
Furthermore, the BNST has extensive connections with the different nuclei of the amygdala,
the hypothalamus and other limbic structures (Ter Horst and Luiten, 1986; Alheid et al.,
1998; Cassell et al., 1999; Dong et al., 2001; Dong and Swanson, 2004; Spencer et al.,
2005), suggesting a role for this structure in a variety of cognitive and emotional behaviors.

Several studies have shown that the BNST is involved in the generation of anxiety-like
responses. Davis and colleagues found that administration of AMPA antagonists into the
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BNST results in a loss of light-enhanced startle, with no effect on fear-potentiated startle
(Walker and Davis, 1997). Subsequently, one conclusion they proposed was that the BNST
appears to play a critical role in unconditioned responses as compared to the central nucleus
of the amygdala which is involved in conditioned fear behaviors (Davis et al., 1997; Walker
and Davis, 1997; Davis, 1998; Davis and Shi, 1999; Walker, 2003). Hammack et al. (2004)
found that the typical freezing and increase in escape latency associated with uncontrollable
or inescapable shock were also blocked following BNST lesioning, while Sullivan et al.
(2004) found that lesions of this nucleus did not disrupt specific-cue related fear responses,
but a more general contextual cue-mediated anxiety. Unlike the amygdala, the BNST is not
activated by the panicogenic drug doxapram (Choi et al., 2005). Based on such findings, an
argument has been made for the role of the BNST in the regulation of innate anxiety
behaviors and as a potential substrate for generalized anxiety-like as opposed to panic-like
symptoms (Davis, 1998).

The function of the BNST is regulated by an extensive network of internal GABAergic
neurons (Sun and Cassell, 1993; Egli and Winder, 2003; Bali et al., 2005). Microinjections
of the GABAA receptor agonist muscimol directly into the BNST can inhibit freezing
behavior in rats following exposure to predator odor (Fendt et al., 2003). Thus an intact
GABAergic response within the BNST appears to be critical for normal regulation of
anxiety behaviors and, based on the findings reviewed above, may not induce panic-like
states.

In the basolateral amygdala (BLA) and dorsomedial hypothalamus (DMH), two other limbic
structures bi-directionally connected to the BNST, GABAergic tone appears to be important
for regulating central autonomic control in addition to anxiety-like behavior (Sanders and
Shekhar, 1991, 1995; Shekhar and Katner, 1995; Samuels et al., 2004). Subthreshold
disruption of GABAergic tone in the BLA and DMH results in the development of not only
chronic anxiety-like responses but also panic-like sensitivity to intravenous sodium lactate
infusions in rats (Shekhar et al., 1996; Sajdyk and Shekhar, 2000; Johnson and Shekhar,
2006), a response similar to that of individuals with panic disorder (Pitts, 1967; Reiman et
al., 1984; Liebowitz et al., 1986; Coplan et al., 1998). Thus, subthreshold inhibition of
GABAergic tone in the BLA and DMH produce conditions mimicking panic-like states
rather than generalized anxiety. In order to test the hypothesis that chronic inhibition of
GABAergic tone in the BNST leads to states resembling generalized anxiety rather than
panic-like states, we chronically removed GABAergic tone in the BNST in a similar manner
as is done in the DMH panic-model (Shekhar et al., 1996) and used two accepted tests for
measuring anxiety [i.e., social interaction (SI) test and elevated plus maze (EPM)] to assess
general anxiety-like behavior. Panic-like states were also tested in rats with inhibited
GABAergic tone in the BNST by intravenously infusing 0.5M sodium lactate and
monitoring heart rate, blood pressure and respiration rate, as well as conducting a SI test.

Methods and Materials
Animals and housing conditions

All experiments were conducted on adult male Sprague-Dawley rats (275–300 g), which
were purchased from Harlan Laboratories and 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 Procedure
Prior to surgery, rats were anesthetized in a closed plexiglas box which was connected to an
isoflurane system (MGX Research Machine; Vetamic, Rossville IN). They were removed
from the box and placed on a plexiglas platform face up and connected to a nose cone which
delivered constant anesthetic throughout surgery. On day 1 (see Fig. 1) all rats were fitted
with femoral arterial catheters for measurement of mean arterial blood pressure (MAP),
heart rate (HR) and respiration rate (RR) and with venous catheters for intravenous (i.v.)
infusions, as previously described (Sajdyk et al., 2003).

Ten days later all rats were implanted with osmotic pumps fitted with guide cannula (Model
2004, 28 GA, 28 day pumps) unilaterally into the BNST (from bregma: 1.0 mm anterior,
+2.5 mm lateral, +7.0 mm ventral and adjusted for approaching at a +10 degree [medial-
lateral] with the stereotaxic incisor bar elevated 5 mm above the interaural line; see Fig. 1).
The pumps were filled with the GABA synthesis inhibitor LAG or the inactive isomer D-
AG (Orlowski et al., 1977) just prior to the start of surgery. The L-AG or D-AG was infused
into the BNST at a rate of 7.0 nmoles/0.25 μl/hr. Implantation of Osmotic mini-pumps have
been described previously (Shekhar et al., 1996). Upon completion of implantation the pump
was sutured under the skin in the nape of the neck and the connector and cannula were
cemented to the skull in the same manner as previously explained (Shekhar A, 1996).

Social Interaction
The modified social interaction test is a paradigm that we have used extensively in our
laboratory to measure anxiety-like behaviors in rats (Sajdyk et al., 2004). The protocol
involves placing the treated animal simultaneously into the SI box (91.44 cm. L x 91.44 cm.
W x 30.48 cm H box with an open top) with an experimentally naïve partner rat. All partner
rats are sex and weight matched; housed under identical conditions; and have no previous
contact with the treated rat. The testing was carried out under low light (40 watt red
lighting), familiar conditions. All testing was video taped via a camera mounted on the
ceiling directly above the SI box and scored at a later time. The total amount of time the
experimental rat spent initiating social interaction (i.e., sniffing, grooming and crawling)
with the partner rat was scored from the video tape by two blinded raters with an inter-rater
reliability of 83%. Scoring of SI times were determined as previously described (Shekhar
and Katner, 1995; Sajdyk and Shekhar, 1997).

Elevated Plus-Maze
The elevated plus-maze comprised of two open arms (50 × 10 cm) and two closed arms (50
× 10 cm) elevated 50 cm above ground with an open top. The arms were situated such that
the two open and the two closed arms were directly opposite to each other. Rats were placed
in the center of the arms and their exploration of the maze was recorded from a video
mounted on the ceiling for the total of the five min testing period. The total amount of time
and the number of arm entries the rat spends in each arm was scored from the videotape by a
treatment-blind rater.

Experimental Protocol
On experimental day 1 (see Fig. 1 for timeline), all rats underwent surgery for implantation
of femoral venous and arterial catheterization. On day 5, each rat was placed in the SI test
for baseline assessment of anxiety-like behavior and then 24 hours later (day 6) tested on the
elevated plus-maze. On experimental day 7, each rat was randomly assigned to one of two
treatments (saline or sodium lactate). Sodium lactate was utilized as a panicogenic agent for
this study and a detailed procedure has been previously described (Shekhar et al., 1996).
Briefly, rats were administered i.v. infusions of 0.9% saline and 0.5 M sodium lactate (10
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ml/kg; 1 ml/min), similar to clinical lactate infusions (Liebowitz et al., 1986). They were
then connected to a pressure transducer (Dynograph, Sensormedics R511) via their arterial
catheter to obtain baseline measurements for heart rate (HR), blood pressure (BP), and
indirect measurement of respiration rate (RR) from normal sinus arrhythmia]. After a steady
state baseline for all parameters was maintained for at least 20 min, the rat was infused with
their assigned treatment via the venous catheter. Immediately following the infusion the
experimental animal was assessed for anxiety-like behavior in the SI test. The procedure
was repeated again on day 9; however, each rat received the treatment not originally given
on day 7.

Twenty-four hours later (on day 10) the rats were again anesthetized with isoflurane. They
were then placed on the stereotaxic instrument and surgically implanted with osmotic pumps
into the BNST. In a randomized manner, half of the animals received L-AG and the other
half D-AG. The rats were allowed to recover for four days (only those rats fully recovered
were utilized for the study) and then on day 14 all animals were reassessed in the SI test and
compared to their scores on day 5 (pre-pump vs post-pump) to determine if the blockade of
GABA synthesis in the BNST had an effect on anxiety-like behavior.

On days 16, 18 and 20, rats with L-AG pumps received 100nl injections of saline or
muscimol (20 or 100 pmoles, obtained from RBI) directly into the BNST in a
counterbalanced design. The pump was briefly disconnected and the assigned treatment was
delivered via the cannula that was connected to the pump. Fifteen min after BNST
injections, rats were placed in the SI test for behavioral assessment of anxiety. Rats with the
D-AG pumps were not tested with muscimol in this study because previous work in our lab
has shown that these same doses of muscimol into the BNST have no effect on SI behavior
(unpublished data).

On days 22 and 24, L-AG treated rats were connected to the physiograph and a steady
baseline for heart rate, blood pressure and respiration rate was obtained. Upon obtaining a
steady baseline recording of at least 20 min, rats were infused with sodium lactate (10 ml/
kg) and then administered either saline or muscimol (100 pmoles) with half the rats
receiving a given treatment on each day. Recordings for cardiovascular parameters were
taken throughout the infusion. Forty-eight hours later (day 26), all rats were reassessed on
the elevated plus-maze test, then immediately following the study, rats were killed and their
brains removed for histological verification of pump placement.

Statistical Analysis
All experiments were conducted utilizing a within animal design. The combined L-AG and
D-AG data for SI duration and EPM was analyzed with a repeated measures one-way
ANOVA with allylglycine infusion as the independent variable and time as the repeated
measure. Social interaction data from multiple doses of muscimol was analyzed using a one-
way ANOVA. Tukey’s (Honestly Significant Difference) HSD post hoc test was used for
multiple comparisons. Due to the directional hypothesis with L-AG and muscimol
treatments, one tailed paired t-tests were used when comparing only two treatment groups.
All p values were set at ≤ 0.05 and graphical presentation of data is done with bars
representing the mean and error bars representing the standard error of the mean (SEM).

Results
Elevated Plus-Maze

Two groups of rats were assessed for anxiety-like behavior in the elevated plus-maze. The
first group received Osmotic mini-pumps implanted into the BNST and filled with L-AG
(n=7), the active form of the GABA synthesis inhibitor, while the second group was given
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D-AG (n=6), the inactive isomer. A repeated measures ANOVA plus tukey’s posthoc test
revealed that rats had a significant decrease in time spent in open arm and the number of
open arm entries post L-AG, but not D-AG, infusions [L-AG x time interaction, F(1,11) =
6.2, p < 0.04, Fig. 2A]. No difference was observed in the number of open arm entries [L-
AG x time interaction F(1,11) = 0.1, p = 0.345, Fig. 2B] or the total number of combined
open arm or closed arm entries [L-AG x time interaction F(1,11) = 2.9, p = 0.116, data not
shown] between pre or post L-AG and D-AG infusions.

Social Interaction
Rats implanted with Osmotic mini-pumps containing either L-AG or D-AG were assessed in
the SI test prior to pump placement (one week prior) and then again after surgery (day 4
post-surgery). Rats that received L-AG into the BNST showed a significant decrease in SI
time by day 4 (n=7) compared to pre L-AG SI baseline, whereas the SI duration in the
control rats with the D-AG inactive isomer did not differ from the pre D-AG SI baseline
(n=6) [L-AG x time interaction F(1,11) = 12.1, p < 0.01, Fig. 2B]; Fig. 3].

The osmotic mini-pump cannula also contained a microinjection cannula as part of the
apparatus. This design allowed for a brief insertion of an injection cannula so that muscimol,
a GABAA receptor agonist, be given through the cannulae. Two different doses of muscimol
(20 or 100 pmoles) were administered to determine if restoring local GABAergic tone in the
BNST could reverse the effects of L-AG on SI behavior. The results for this study (Fig. 4)
show that infusing L-AG into the BNST decreased SI duration (paired t-test, T=5.7, df=3,
p<0.01). This L-AG induced reduction in SI duration was reversed in a dose-dependent
manner when rats received prior injections of muscimol, but not saline, into the BNST
[F(2,9) = 13.6; p<0.003, (n=4 for all groups)]. In the subsequent experiment, the stylet for
delivering the muscimol and saline injections became blocked preventing completion of the
crossover design in 3 of the 7 L-AG treated rats reducing the n to 4 in this experiment and in
the following sodium lactate experiment.

Sodium Lactate Infusions
Similar L-AG infusions in other anxiety-like response eliciting structures (i.e., the DMH)
not only produces similar results on SI behavior, but also makes rats susceptible to
displaying panic-like responses (i.e., tachycardia, tachypnea and increases in blood pressure)
in response to mild interoceptive stressors such as i.v. infusions of 0.5M sodium lactate
(Shekhar et al., 1996; Johnson and Shekhar, 2006; Shekhar et al., 2006). In light of this, SI
tests and peripheral physiological measures (i.e., heart rate, blood pressure and respiration
rate) were recorded in a separate group of rats at baseline as well as after they had L-AG
pumps following i.v. sodium lactate infusion. Infusing L-AG into the BNST+ i.v. lactate
decreased SI duration (T=14.2, df=3, p<0.001, Fig. 5A), but had no effect on HR (T=1.5,
df=3, p=0.120, Fig. 5B), BP (T=2.1, df=3, p=0.066, Fig. 5C) or RR (T=0.0, df=3, p=0.5,
Fig. 5D) when compared to baseline (i.e. pre L-AG into BNST+ i.v. lactate). Comparing the
rats treated with L-AG+saline into the BNST to rats treated with L-AG+100 pmoles of
muscimol into the BNST prior to lactate challenge revealed that the 100 pmoles of
muscimol increased the SI duration (T=3.0, df=3, p<0.03, Fig. 5A) near baseline levels
without altering HR (T=0.8, df=3, 0.238, Fig. 5B), BP (T=1.4, df=3, p=0.127, Fig. 5C) or
RR (T=1.5, df=3, p=0.120, Fig. 5D).

Histological verification of pump implantation sites
The post-mortem histological examination was utilized to confirm that the data were
analyzed from only those animals with distribution of L-AG (GABA synthesis inhibitor) or
D-AG (control isomer) filled osmotic minipumps in the BNST region. Cresyl violet staining
was done on 60 μm coronal brain sections from 4 out of 7 L-AG reated rats and all 6 D-AG
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treated rats (Fig. 6A and 6B). Confirmation of 3 L-AG minipump placements in the BNST
region were visually done on coronal brain sections cut at 300μm and micropunched for
future chemical assays.

Discussion
The present study demonstrates that a decrease in GABA inhibition due to chronic infusion
of L-AG but not D-AG, the inactive isomer, into the BNST increases anxiety-like behaviors
as measured by decreases in the amount of time spent in the open arms in the elevated plus-
maze, as well as reductions in the duration of social interactions. These results are consistent
with the idea that increased activation of the BNST is associated with the expression of
anxiety-like responses. In the current study we assessed animals in the elevated plus-maze
before and following treatment. Previously, File and colleagues demonstrated a change in
benzodiazepine response on the 2nd trial of the maze (File and Zangrossi, 1993; File et al.,
1993), suggesting that on the 2nd trial the response is confounded by 1 trial learning and thus
different than that in the 1st test. However, the response to benzodiazepines is re-established
after 2 weeks of no further exposure to EPM. As a result, we assess our animals in the 2nd

trial at least 2 weeks from the first session.

Another important finding is that L-AG infusion into the BNST of the rats increased
anxiety-like behavior without eliciting panic-like symptoms (i.e., tachycardia, tachypnea and
increased blood pressure) in response to sodium lactate. This lack of responsivity is in
contrast to that seen in our other animal models of anxiety. For example, similar L-AG
infusions into the DMH produces anxiety-like behaviors in SI, but also makes the animals
susceptible to displaying panic-like characteristics (i.e., tachycardia, tachypnea and increases
in blood pressure) in response to i.v. infusions of 0.5M sodium lactate (Shekhar et al., 1996;
Johnson and Shekhar, 2006; Shekhar et al., 2006). Overall, this data supports the hypothesis
that BNST plays an important role in regulating general anxiety. More importantly, these
findings show that removing GABAergic tone in the BNST may be a useful tool in studying
general anxiety-related circuits.

The data presented here are also consistent with results from other studies. Singewald et al.
(2003) found that systemic administration of four different anxiogenic compounds
consistently increased cellular responses (i.e., c-Fos expression) in the BNST, while Lee and
Davis (1997) have shown that directly activating the BSNT with the stress associated
neuropeptide corticotrophin releasing factor (CRF) will enhance acoustic startle responses
(For review see Bale and Vale, 2004). Interestingly, activation of the BNST with CRF will
also induce reinstatement of cocaine use similar to footshock stress, while the CRF receptor
antagonist D-Phe CRF will block reinstatement following the stress (Erb and Stewart, 1999).
The current findings together with the other behavioral studies strongly indicate that
activation of the BNST is associated with increases in anxiety-like behaviors.

In addition to regulating anxiety-associated behavior, the BNST appears to be important in
regulating social behavior. Studies conducted by Insel and colleagues have focused on social
behavior in rats and prairie voles and found that oxytocin is a key neurotransmitter in
inducing prosocial behaviors and have proposed that oxytocin may elicit prosocial behaviors
through interactions with oxytocin receptors in the BNST (Insel, 1992). In addition, recent
studies indicate that the administration of the CRF receptor antagonist D-Phe CRF into the
BNST blocks the submissive-defensive behaviors of hamsters normally associated with
social defeat (Jasnow et al., 2004). These results suggest that the BNST is also an important
limbic structure for the expression of appropriate social behaviors across several species.
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Animals in the L-AG treatment group demonstrated a decrease in social interaction time and
open arm time, thus it could be suggested that L-AG infusions into the BNST may be
reducing overall locomotor activity. However, there was not a significant difference between
the L-AG and the D-AG treatment groups in the total number of entries (data not shown),
therefore it would suggest that locomotion was not a confounding factor.

In order to confirm that L-AG infusions were inducing anxiety states by removing local
GABAergic tone in the BNST and not other possible non-specific effects, local GABAergic
tone was restored with acute injections of muscimol (a GABAA receptor agonist) into the
BNST. Injecting the highest dose of muscimol into the BNST of L-AG treated rats
attenuated L-AG-induced anxiety responses in two separate experiments. Another possible
confound would be diffusion of the L-AG into other nuclei. Earlier studies characterizing
site specificity of L-AG infusions with exactly the same type of pumps in another brain area
(the DMH) showed no significant effect in the adjacent areas beyond about one mm of
radius when studies by either immunocytochemical or biochemical methods (Johnson and
Shekhar, 2006; Shekhar et al., 2006), suggesting a limited area of diffusion from the pumps.
Overall, these data are consistent with the hypotheses that L-AG infusions in the BNST
elicits anxiety by removing local GABAergic tone and also suggests that the anxiolytic
effects of GABA in the BNST are mediated via the GABAA receptor. Furthermore, the
chronic anxiogenic-like effects of GABA inhibition (i.e., L-AG treated) in the BNST
suggests that GABA is tonically inhibiting the BNST. Intracellular recordings within the
dorsal oval nucleus of the BNST, the area targeted for the pumps, reveals that some of the
local GABAergic neurons are tonically active and that administration of bicuculline
methiodide (BMI, a GABAA receptor antagonist) attenuates this tonic inhibition (Rainnie,
1999; bEgli and Winder, 2003). Interestingly, rats undergoing ethanol withdrawal display
marked anxiety-like behavior, which coincides with robust increases in CRF levels in the
BNST (Olive et al., 2002). If alcohol is given to these animals CRF levels in the BNST
return to normal. However, if they are only given a regular diet, the levels will continue to
increase 100% above baseline. This phenomenon may explain the anxiety associated with
withdrawal as well as the increase in socialization following alcohol consumption.

Previous work in our laboratory has shown that an acute decrease in GABA functioning in
the BLA or the DMH of rats will also elicit anxiety-like responses (Shekhar et al., 1990;
Sanders and Shekhar, 1991; Shekhar, 1993; Shekhar et al., 1993; Sanders and Shekhar,
1995; Shekhar and Katner, 1995; Shekhar et al., 1996; Sajdyk and Shekhar, 1997, 2000).
When we induced chronic loss of GABAergic inhibition in these regions of rats, either via
L-AG infusions in the DMH or repeated subthreshold doses of BMI into the BLA, the
animals display increased anxiety-related behavior and develop a sensitivity to i.v. sodium
lactate similar to that of individuals with panic disorder [i.e., tachycardia, hypertension and
tachypnea (Shekhar et al., 1996; Shekhar and Keim, 1997; Sajdyk and Shekhar, 2000;
Shekhar and Keim, 2000)].

Intravenous sodium lactate infusions have been best studied in subjects with panic disorder
and consistently elicit panic attacks in the majority of panic disorder patients, often similar
to naturally occurring episodes (Gorman et al., 1983; Carr et al., 1986; Gaffney et al., 1988;
Den Boer et al., 1989; Hollander et al., 1989; Yeragani et al., 1989). Although panic-like
response to lactate infusions is most consistent in panic disorder, some sensitivity to lactate
infusions have been reported in post-traumatic stress disorder, where it primarily induces
flash-backs (Rainey et al., 1987; Jensen et al., 1997), and a subset of patients with
premenstrual syndrome (Facchinetti et al., 1992; Sandberg et al., 1993). A disorder that also
shares a biological linkage with panic disorder (Facchinetti et al., 1998). In contrast, lactate
infusions are ineffective in patients with obsessive compulsive disorder (Gorman et al.,
1985), social anxiety disorder (Liebowitz et al., 1985) and major depression without history
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of panic attacks (Cowley et al., 1987). Thus, lactate induced panic has been proposed as a
reasonable biological probe to separate panic versus other anxiety disorders (Cowley and
Arana, 1990). The lack of responsiveness to sodium lactate in the present study suggests that
the anxiety-like behavior displayed by the rats with the L-AG pumps placed in the BNST is
not like that of panic and may be more similar to that of generalized or social anxiety
disorder.

The likelihood of BNST mechanisms being a possible substrate for generalized anxiety
disorders is further supported by studies with the administration of buspirone, a 5-HT1A
agonist, into the BNST. Buspirone blocks light-enhanced startle (Davis et al., 1997). It has
also been shown that a natural stressor, such as chronic restraint, increases dendritic
remodeling and arborization in the BNST, indicating a function in stressed-induced
facilitation of anxiety (Vyas et al., 2003). Furthermore, electrophysiological studies in the
BNST also support a GABAergic and serotonergic mechanisms for reducing activation
(Rainnie, 1999; bEgli and Winder, 2003) and thus reduce anxiety.
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Figure 1.
An illustration representing a timeline of experimental conditions (listed above arrows) from
day 1 (D1) to day 26 (D26) along the horizontal bar. See methods for detailed description.
Gray shading of horizontal bar indicates the timeline of D-AG or LAG infusions.
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Figure 2.
EPM test data from pre (day 6) and post (day 26) D-AG and L-AG infusions. A) The
amount of time (sec) spent in the open arm of the elevated plus-maze or B) the number of
entries into the open arm during a 5 min test of rats with previous infusions of the GABA
synthesis inhibitor L-AG or its inactive isomer D-AG into the BNST. Bars represent the
mean and error bars represent the SEM. *, p<0.05.

Sajdyk et al. Page 13

J Psychopharmacol. Author manuscript; available in PMC 2011 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The amount of time (sec) that the experimental rats spent initiating interaction with the
partner rats during a 5 min SI test, both before (day 5) and after (day 14) pump surgery. The
top graph depicts the average times for animals implanted with L-AG pumps into the BNST,
while the bottom graph shows times for those with D-AG pumps into the BNST. Bars
represent the mean and error bars represent the SEM. *, p<0.05.
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Figure 4.
The amount of time (secs) that the experimental rats spent initiating interaction with the
partner rats during a 5 min SI test, under four conditions. The first bar represents pre L-AG
infusion baseline. Four days after L-AG infusion an SI test was done following an injection
of saline (bar 2), 20 pmoles of muscimol (bar 3), or 100 pmoles of muscimol into the BNST.
Treatments 2 – 4 were administered in a counter balanced design. Bars represent the mean
and error bars represent the SEM. * Significantly different from pre-LAG baseline (paired t-
test) and both doses of muscimol (Tukey’s posthoc test following ANOVA), # significantly
different from 100 pmoles of muscimol (Tukey’s posthoc test following ANOVA). *,#,
p<0.05.

Sajdyk et al. Page 15

J Psychopharmacol. Author manuscript; available in PMC 2011 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Changes in A) social interaction time, B) heart rate, C) blood pressure and D) respiration
rate in rats infused with i.v. sodium lactate prior to L-AG pump placement in the BNST, and
on day 20 or 22 after beginning infusions with the GABA synthesis inhibitor L-AG and pre-
injections of either saline or muscimol 100 pmoles into the BNST. There were no significant
peripheral responses to lactate infusions in these animals either at baseline or after GABA
synthesis inhibition in the BNST which resulted in increased baseline anxiety. In these
animals, there was no difference in lactate responses after saline or muscimol pre-injections
into the BNST, suggesting no differences in lactate sensitivity with or without baseline
anxiety increases. * significant against pre L-AG in BNST (*, paired t-test, p<0.002) and L-
AG in BNST + 100 pmoles muscimol (*, paired t-tests, p≤0.050). Bars represent the mean
and error bars represent the SEM.
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Figure 6.
Distribution of L-allylglycine (L-AG: GABA synthesis inhibitor) or D-allylglycine (D-AG:
control isomer) filled osmotic minipumps in the bed nucleus of the stria terminalus (BNST)
region of all 6 D-AG treated rats and 4 of 7 L-AG treated rats. Placements were confirmed
visually on 300 μm coronal brain section for the other 3 L-AG treated rats and then
microdissected. A) Diagrammatic illustration of two coronal rat brain sections (−0.30 to
−0.26 mm bregma and +0.20 to +0.48mm bregma) with minipump placement and treatment
indicated by symbols (D-AG infusion site = black square and LAG infusion site = white
circle) and boundaries of the BNST indicated by gray shading. B) Low magnification
photograph of cresyl violet staining in the BNST region; the arrow denotes the minipump
placement. Scale bar: 400 μm. Abbreviations: ac, anterior commissure; aca, anterior part of
anterior commissure; cc, corpus collosum; CPu, caudate putamen; f, fornix; ic, internal
capsule; LSD, dorsal part of lateral septum; LSI, intermediate part of lateral septum; LSV,
ventral part of lateral septum; LV, lateral ventricle; MS, medial septum; VDB, nucleus of
the vertical limb of the diagonal band.
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