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Abstract
The posterior paraventricular nucleus of the thalamus (THPVP) has been identified as a forebrain
region that modulates the central nervous system (CNS) response to recurrent experiences of
stressors. The THPVP is activated in response to a single (SH) or recurrent (RH) experience of the
metabolic stress of hypoglycemia. In this study, we evaluated whether temporary experimental
inactivation of the THPVP would modify the neuroendocrine response to SH or RH. Infusion of
lidocaine (LIDO) or vehicle had no effect on the neuroendocrine response to SH, comparable to
findings with other stressors. THPVP vehicle infusion concomitant with RH resulted in a prevention
of the expected impairment of neuroendocrine responses, relative to SH. LIDO infusion with RH
resulted in significantly decreased glucagon and sympathoadrenal responses, relative to SH. These
results suggest that the THPVP may contribute to the sympathoadrenal stimulation induced by
hypoglycemia; and emphasizes that the THPVP is a forebrain region that may contribute to the
coordinated CNS response to metabolic stressors.
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1. Introduction
With repeated exposure to hypoglycemic stress in a time frame of hours to days, the CNS-
initiated neuroendocrine counterregulatory response becomes impaired. The impairment is
global and represents the efferent component of the clinical syndrome, hypoglycemia-
associated autonomic failure or HAAF (Cryer, 1993). We have established a model of this
impaired response, in which rats experience three bouts of insulin-induced hypoglycemia
within a 24-h period. In our model, there are impairments of the sympathoadrenal (adrenal
medulla) projection of the sympathetic nervous system and the pancreatic islet α-cell, with
modest impairment of the hypothalamic–pituitary–adrenal (HPA) axis. This results in
decreased epinephrine (EPI), glucagon, ACTH, and corticosterone, respectively (Evans et al.,
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2001). In our model, we have mapped forebrain expression of the immediate early gene
product, c-fos, as an indicator of the pattern of forebrain activation in association with a single,
vs. multiple, bouts of hypoglycemia. We observed decreased activation of the paraventricular
nucleus of the hypothalamus (PVN) and dorsomedial hypothalamus (DMH) in rats that
experienced multiple, vs. a single bout of hypoglycemia. In subsequent studies, we have
demonstrated that reversible inactivation of these regions during a single bout of hypoglycemia
(SH) resulted in impairments of the sympathoadrenal and HPA axis responses (Evans et al.,
2003, 2004). Thus, decreased medial hypothalamic activation may contribute to the impaired
counterregulatory response of recurrent hypoglycemia (RH).

In addition to decreased medial hypothalamic activation with multiple bouts of hypoglycemia,
we observed maintained activation of the posterior paraventricular nucleus of the thalamus
(THPVP), such that c-fos expression was comparable between rats that experienced one, vs.
three, bouts of hypoglycemia (Evans et al., 2001). Importantly, functional imaging studies have
now identified the thalamus, including the THPVP, as a region of increased neuronal activity
during SH and RH in non-diabetic and diabetic human subjects (Teh et al., 2007; Teves et al.,
2004 and 2007 meeting of the American Diabetes Association, with permission from A.M.
Arbelaez). Activity of the THPVP has been implicated in the altered neuroendocrine response
to the repeated experience of other stressors, including the phenomenon of stress habituation
(decreased HPA activation): the THPVP contributes to feedback inhibition by glucocorticoids
on the HPA axis, in chronically but not acutely stressed rats (Jaferi et al., 2003). Bhatnagar and
others have demonstrated that permanent inactivation of the THPVP, via electrolytic lesion,
prevents the blunted ACTH response that occurs with multiple experience of restraint stress,
whereas the HPA response to a novel, heterotypic, stressor is not altered by THPVP lesion
(Bhatnagar et al., 2000, 2002; Jaferi et al., 2003; Jaferi and Bhatnagar, 2006; Ottenweller et
al., 1989). These data suggest that the THPVP is linked to the CNS ‘memory’ of a stressor
experience. In addition to its involvement in the response to a psychological stressor such as
restraint (Bhatnagar et al., 2000, 2002), the THPVP is activated by the chronic physiological
stressor of intermittent hypoxia (Sica et al., 2000).

Afferent inputs and efferent projections from the THPVP support a functional role in the
integrated response to stressors. Connectivity has been reported between the THPVP and key
brainstem and hypothalamic sites including the NTS, parabrachial nucleus, and dorsal raphe,
as well as the lateral, DMH, suprachiasmatic, and arcuate nuclei of the hypothalamus
(Bhatnagar et al., 2000; Moga et al., 1995; Otake et al., 1994; Phillipson and Bohn, 1994).
Connections with limbic areas such as the bed nucleus of the stria teminalis, amygdala, and
medial prefrontal cortex are likewise consistent with a role in the modulation of the stress
response. From these regions, the THPVP receives adrenergic, noradrenergic, CRHergic, and
dopaminergic inputs (Freedman and Cassell, 1994; Otake and Nakamura, 1995, 1998; Otake
and Ruggiero, 1995; Otake et al., 1995; Phillipson and Bohn, 1994). Despite the evidence of
the functional neuroanatomy, which would implicate it in the response to metabolic stressors,
the role of the THPVP in the neuroendocrine response to hypoglycemia has not been evaluated.
In the present study, we tested whether reversible inactivation of the THPVP altered the
neuroendocrine response to a single (SH), or multiple (RH), bouts of hypoglycemia. We
hypothesized that if THPVP activation contributed to the impaired glucagon, sympathoadrenal,
or HPA responses to a third bout of hypoglycemia, then those responses might be enhanced
by reversible inactivation of the THPVP. Our findings suggest that THPVP activation makes
a complex contribution to the response to hypoglycemia, facilitating the sympathoadrenal
response, but with no effect on the HPA response to hypoglycemia. Because the glucagon and
sympathoadrenal – and not the HPA – responses are the most critical for counter-regulation to
hypoglycemia, our findings suggest that the THPVP has the capacity to qualitatively modulate
stress responses, depending upon the specific nature of the stressor.
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2. Results
Neuroendocrine data for the experimental groups are provided in Table 1. Baseline (t.0) plasma
glucose levels and t.120 min glucose nadirs are matched between the two experimental
conditions (SH vs. RH). All baseline (t.0) neuroendocrine parameters are matched as well. We
observed two types of effects of our experimental procedures. First, there was a differential
effect of PBS or LIDO infusion in RH rats compared with SH rats (Fig. 1). Second, there was
an effect of LIDO (vs. PBS) infusion in RH rats. Similar to previous studies in our
hypoglycemia model, these differential effects were observed for glucagon and
sympathoadrenal responses.

Somewhat surprisingly, we did not observe the expected blunting of glucagon or
sympathoadrenal responses to RH (HAAF), in rats receiving (control) PBS infusions into the
THPVP (see t.120 min data for SH-PBS vs. RH-PBS, Table 1). Glucagon, EPI, and NEPI data
are depicted in Fig. 1 (Upper) as responses in RH rats that are normalized, compared to time-
matched responses in SH rats (for which the value at each timepoint would be 100%). There
was no overall effect of hypoglycemia experience (RH vs. SH) across the 2-h infusion period
for any of the three key counterregulatory neuroendocrine responses.

An effect of recurrent hypoglycemia on the neuroendocrine counterregulatory response was
manifest in rats infused with LIDO. Fig. 1 (Lower) depicts glucagon, EPI, and NEPI responses
in RH/LIDO rats that are normalized in comparison with responses from SH/LIDO rats. When
LIDO was infused into the THPVP, there was a significant overall effect for glucagon
(p=0.038) and EPI (p=0.022), and a trend for NEPI (p=0.06), to be decreased in RH rats
compared with SH rats. This effect in LIDO-infused rats was observed in the middle of the
bout of hypoglycemia, such that glucagon responses were suppressed at 60 min (p=0.005) and
90 min (p=0.036); EPI responses were suppressed at 60 min (p=0.05) and 90 min (p=0.038);
and NEPI responses were suppressed at 30 min (p=0.044), in RH rats vs. SH rats. All responses
at t.120 min were comparable between SH/LIDO and RH/LIDO rats (see also Table 1, t.120
min). Thus the prevention of the impaired counterregulatory response in the PBS-infused rats
might have been due to activation of some forebrain neuroendocrine pathways, which drive
the response to hypoglycemia, but which are blunted when LIDO is infused into the THPVP
(see Discussion). LIDO infusion into the THPVP did not produce any noticeable behavioral
effects.

We also observed differences in the counterregulatory response between PBS- and LIDO-
treated RH rats. Infusion of LIDO (compared with PBS) had differential effects on
sympathoadrenal and glucagon responses to hypoglycemia. Specifically, LIDO (vs. PBS) had
no overall effect on glucagon responses in either SH or RH rats, although there was a trend in
both groups for the glucagon response to be amplified by LIDO at t.120 min (see Table 1, t.
120 min, SH/PBS vs. SH/LIDO and RH/PBS vs. RH/LIDO). However, in RH but not SH rats,
LIDO (vs. PBS) infusion significantly suppressed the NEPI response (overall, F(1,22)=6.483,
p=0.02; t.30 p=0.018; t.60 p=0.035). There was a trend for LIDO infusion to suppress the
overall EPI response (F(1,22)=3.861, p=0.06). This effect of LIDO is illustrated in Fig. 2, which
shows glucagon, E, and NE responses in RH/LIDO normalized to corresponding, timepoint-
matched, RH/PBS values set to 100%.

Finally, as shown in Table 1, infusion of LIDO into the THPVP during a 2-h bout of
hypoglycemia had no effect on the ACTH or CORT responses, in SH or RH rats. Baseline
ACTH and CORT levels were low, and comparable to those we have previously reported in
non-cannulated rats (Evans et al., 2001). Although permanent THPVP lesion has been shown
to modulate the HPA response to other stressors, the ACTH/CORT response is not the most
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rapid or critical response for acute correction of blood glucose levels. Therefore, it is perhaps
not surprising that THPVP inactivation had no effect on the HPA response to hypoglycemia.

3. Discussion
The goal of this study was to test the hypothesis that the THPVP contributes to the impaired
neuroendocrine counterregulatory response that occurs with multiple experiences of the
metabolic stressor, hypoglycemia (HAAF). In fact, our studies suggest that the THPVP does
have a role in the impaired counterregulatory response. The results presented here in our animal
model are consistent with recent work by Cryer and Amiel and colleagues in human subjects,
demonstrating increased activity in the THPVP induced by recent antecedent recurrent
hypoglycemia (Teh et al., 2007; Teves et al., 2004 and 2007 meeting of the American Diabetes
Association, with permission from A.M. Arbelaez). However, the role of the THPVP may be
more complex than originally hypothesized. First, control PBS infusions in SH rats
experiencing a single (naive) bout of hypoglycemia had no effect on the neuroendocrine
responses, when compared with other data from our laboratory in this model, in subjects with
no CNS cannulas (Evans et al., 2001), or identical experimental protocols where cannulas were
aimed at the paraventricular or dorsomedial nuclei of the hypothalamus (Evans et al., 2003,
2004). Likewise, acute LIDO infusions in SH rats had no effect on the neuroendocrine
responses. This is consistent with findings in other stress models, i.e., THPVP inactivation
does not impair the response to a naive experience of a stressor.

Our results in rats experiencing a third bout of hypoglycemia (RH), however, were quite
surprising. Acute THPVP infusion of PBS vehicle in RH rats resulted in essentially normal
counterregulatory responses (that is, comparable to those of the SH rats; Fig. 1, upper), whereas
we would have expected blunted glucagon and EPI levels. This suggests that some aspect of
the preparation resulted in an excitatory drive on some stress-responsive outflow pathway(s)
leading to enhanced glucagon and sympathoadrenal responses. Note that this cannot be
ascribed to a non-specific stress response since, as mentioned above, all of the responses to a
naive experience of hypoglycemia were normal. Therefore the ‘normalized’ counterregulatory
response of the RH/PBS rats is somehow tied to the repeated experience of the metabolic
stressor.

Also unexpected was the response to LIDO infusion in the RH rats. As shown in Fig. 1, lower,
LIDO infusion resulted in a suppression of glucagon and sympathoadrenal responses. We
would have hypothesized that this treatment would simulate the effect of a permanent, physical,
THPVP lesion, and in this circumstance, the counterregulatory responses would have been
normalized. However, the pattern of blunted responsiveness (compared with SH/LIDO)
nonetheless does not imitate the impaired counterregulatory response that we normally observe
with a third bout of hypoglycemia (Evans et al., 2001): the typical impaired response pattern
becomes manifest at or after 1 h and is most apparent at 120 min. However, in the THPVP RH/
LIDO rats (compared to SH/LIDO rats), glucagon and sympathoadrenal responses were
restored by 120 min, and were most prominently impaired at 60 and 90 min. This complex
result might be interpreted as a composite of THPVP cannulation-induced enhanced
neuroendocrine responding (as seen in RH/PBS rats), and the temporary local inactivation of
the THPVP or immediate surrounding area by LIDO, which is overridden by continued drive
on stress pathways by the maintained hypoglycemic stimulus. Importantly, the observation of
LIDO effects in RH, but not SH rats, suggests that the prior experience of hypoglycemia alters
neural activity, priming the THPVP, such that responsivity to additional hypoglycemic
challenges is changed. Indeed, measures of regional cerebral blood flow, which reflect
increased neural activity, in human subjects during hypoglycemia are found to be increased in
the THPVP (Teh et al., 2007;Teves et al., 2004 and 2007 meeting of the American Diabetes
Association, with permission from A.M. Arbelaez).
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Neither ACTH nor CORT responses were altered by infusion of saline or LIDO in the RH rats.
This result might seem contrary to those from studies using other stressors in which the THPVP
appears to be play a role in the habituation of the ACTH response to repeated experience of
the homotypic stressor (Bhatnagar et al., 2000, 2002; Jaferi et al., 2003; Jaferi and Bhatnagar,
2006; Ottenweller et al., 1989). However, we do not observe consistent habituation of the HPA
response in our recurrent hypoglycemia model, with only modest decrements of ACTH and
CORT. Since the most rapid, hence critical, endocrine responses to hypoglycemia are the
release of glucagon and epinephrine, adrenal glucocorticoids are secondary and it is possible
that THPVP involvement in the CNS response to stressors may be linked to stressor-specific
efferent responses, which differ in the case of psychological and metabolic challenges.

As mentioned above, neither PBS nor LIDO infusion altered the neuroendocrine response in
the SH rats. However, there was a significant suppression of the NEPI response in RH rats
infused with LIDO vs. PBS. This suggests that LIDO infusion into the THPVP decreased
sympathetic nervous system activation, as plasma NEPI reflects spillover from peripheral
sympathetic nerve terminals. Conversely, this would suggest that the activation (c-fos
expression) of the THPVP that we have documented in both SH and RH (Evans et al., 2001)
contributes to the activation of the sympathetic nervous system. A very speculative
interpretation of our data emerges from this finding combined with the observation of low
plasma NEPI at 30 min in RH/LIDO rats (Fig. 1, lower): that a primary contribution of the
THPVP in the CNS response to hypoglycemia may be the support of the sympathetic nervous
system. This in turn can contribute to adrenal activation and EPI release, and both EPI and the
sympathetic nervous system stimulate glucagon release. As shown in Fig. 1, lower (compare
neuroendocrine response at t.30 and t.60 min), decreased low plasma NEPI precedes decreased
EPI and glucagon, thus, suppressed sympathetic nervous system activation may be responsible
for the subsequently decreased EPI and glucagon.

The connectivity of the THPVP makes it a strong candidate for modulation of the
counterregulatory response to hypoglycemia, as numerous synaptic connections exist through
the extent of the neuroaxis. For example, direct synaptic afferent input comes from the
hindbrain (Otake et al., 1995; Phillipson and Bohn, 1994). The hindbrain contains
glucoreceptive cells capable of detecting and initiating the full spectrum of counterregulatory
responses (Ritter et al., 2000; Ritter, 2003). Specifically, hindbrain catecholamine neurons have
been shown to be necessary neural substrates that transmit glucoprivic signals to forebrain or
spinal cord sites (Ritter et al., 2001; Ritter, 2003) that are critical for the expression of
neuroendocrine, autonomic, and behavioral counterregulatory responses to glucoprivation.
Hypothalamic activation, as determined by c-fos-immunoreactive neurons (Ritter et al.,
2001), and upregulation of arcuate nucleus NPY and AGRP mRNA expression in response to
glucoprivation (Fraley and Ritter, 2003), are absent when rostrally projecting hindbrain
catecholamine neurons are permanently lesioned, or in models of repeated glucoprivation.
Hindbrain neural substrates involved in glucoprivic detection and/or initiation of
counterregulatory responses may influence the activation of the THPVP, in addition to the
hypothalamus, in response to hypoglycemia. Additionally, mono- and di-synaptic connections
exist between the THPVP, limbic circuitry (BNST, amygdala, LH, medial prefrontal cortex),
and the medial hypothalamus that modulates medial hypothalamic responsivity to stressors
(Bhatnagar et al., 2000; Freedman and Cassell, 1994; Jaferi and Bhatnagar, 2006; Moga et al.,
1995; Otake et al., 1994, 1995; Otake and Nakamura, 1995, 1998; Otake and Ruggiero,
1995; Phillipson and Bohn, 1994).

One limitation of our studies is our inability to precisely localize the anatomical site(s) that are
contributing to the effects we report here. Our intermittent infusion paradigm was designed to
provide continuous action of LIDO (which does not require continuous infusion) and it is
estimated that the radius of spread of the infusion is <1 mm3 (Albert and Madryga, 1980;

Al-Noori et al. Page 5

Brain Res. Author manuscript; available in PMC 2009 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Martin, 1991; Seamans et al., 1995; Tehovnik and Sommer, 1997). Thus, while we aimed to
target the THPVP, it is possible that other CNS structures are contributing to the effects we
observe here, such as the habenula or the dentate gyrus. We are currently investigating the
potential roles of these brain regions in the response to hypoglycemia. Nonetheless, based on
our experimental design, it is clear that the THPVP would have been the major, if not the
exclusive, target for the LIDO infusion.

In conclusion, our findings support a role of the THPVP in modulation of the neuroendocrine
counterregulatory response to hypoglycemia. This finding contributes to the evidence obtained
with other types of stressors, implicating the THPVP in stress regulation. However, the pattern
of effects of THPVP inactivation suggests that hypoglycemia is a unique type of physical
stressor that elicits THPVP modulation of the most critical and acute components of the
counterregulatory response, and not simply HPA axis activation. Finally, our study emphasizes
the role of forebrain stress regulatory circuitry in the response to hypoglycemia, in addition to
hypothalamic and hindbrain sites that have served as the focus for most studies to date. Our
findings support clinical evidence and demonstrate the potential for significant modulation of
metabolic homeostasis by brain limbic circuitry.

4. Experimental procedure
4.1. Subjects

Male Wistar rats (Animal Technologies Limited, Kent, WA; 350–400 g) were maintained on
a 12–12 h light–dark schedule (lights on at 6 AM, off at 6 PM), with ad libitum access to food
and water and were studied during the lights-on portion of the light cycle. All procedures were
approved by the Animal Studies Subcommittee of the VA Puget Sound Health Care System
Research and Development Committee, and adhere to the guiding principles for research set
forth by the American Physiological Society (2002).

4.2. Surgery
All animals underwent bilateral implantation of intravenous (IV) silastic catheters under
ketamine/xylazine anesthesia (60 mg/kg ketamine (KetaFlo™, Abbott Laboratories, Chicago,
IL), 7.8 mg/kg xylazine (Xyla-Ject®, Phoenix Pharmaceutical, St. Joseph, MO)) as in our
previous studies (Figlewicz et al., 2002). For each rat, the right jugular vein and the left
submaxilary vein were catheterized. Catheters were tunneled subcutaneously and exteriorized
through a midline incision in the scalp. Each rat also received bilateral 26 gauge stainless steel
guide cannulae (Plastics One, Roanoke, Virginia) inserted at an angle and aimed at the THPVP
using the stereotaxic coordinates 3.5 mm AP, ±0.8 mm ML, −4.5 mm DV from bregma,
according to the atlas of Paxinos and Watson (1986). Acceptable placement ranges were: −3.2
to −3.8 AP, 0.0 to +0.8 mm ML, and −4.2 to −5.0 mm DV. For experimental infusions into the
THPVP, obturators were removed from the guide cannulae, and infusion cannulae were
inserted that extended 1 mm beyond the tip of the guide cannula. The intracranial cannulae and
IV catheters were held in place by acrylic cement (Lang Dental, Wheeling, IL) and skull screws
(Small Parts, Miami Lakes, FL). Animals received subcutaneous 3 cm3 Lactated Ringers
solution (Baxter Pharmaceutical Products, New Providence, NJ) and intramuscular 0.2 cm3

Gentamicin antibiotic (Bayer AG, Leverkusen, Germany), and were maintained on a
circulating-water heating pad until recovery from anesthesia. Catheter lines were filled with
25–60% polyvinylpyrrolidone (PVP10, Sigma, St. Louis, MO)/heparin (1000 units/ml; Elkins-
Sinn, Cherry Hill, NJ), and kept patent by a heparin (100 units/ml) flush every 3 days. All
animals were allowed to recover at least one week and had to have regained weight to at least
the presurgical level, and were on a positive weight gain trajectory, before undergoing the
experimental procedure. THPVP cannula placements were verified at the end of the experiment
and only data from animals with correct placements (approximately 85% successful
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placements) are included in the final analysis. Fig. 3 shows the location of the THPVP and
placement of guide cannulas.

4.3. Experiments
Prior to performing experiments, animals were familiarized with square acrylic test chambers
(∼30 cm×30 cm×30 cm) and the microinjection procedure as described by Evans et al.
(2003, 2004). Subsequent to this, the animals were placed in the test chambers for at least 2 h
before experimental procedures began. Injection and withdrawal cannulae were connected, and
the experiment began once the animals were observed to be calm (∼10–15 min after connecting
cannulae). Rats either received two 120-min insulin infusions separated by a 60-min break on
Day 1, followed by one 120-min insulin infusion on Day 2 (recurrent hypoglycemia or RH);
or they received only a single 120-min insulin infusion (single hypoglycemia or SH). Animals
received insulin (Novolin® R, regular human insulin, recombinant DNA origin, Novo Nordisk,
Princeton, NJ; 0.5 U/100 g body weight/h) IV over 120 min infused at a rate of 1.14 ml/h. In
combination with the insulin infusions, THPVP infusions of LIDO (2%; Sigma, St. Louis, MO)
or PBS vehicle (0.1 M phosphate-buffered saline, pH 7.4; Oxoid, Bastingstoke, England) were
carried out by programmable syringe pumps (SP101i, World Precision Instruments, Sarasota,
FL) (Evans et al., 2003). Rats either received LIDO infusion together with a single bout of
hypoglycemia (SH); or they received LIDO infusion on Day 2 during a third bout of
hypoglycemia (RH). As described in our previous study (Evans et al., 2003), 10 min neuropil
infusions of LIDO or PBS were made every 25 min, at a rate of 100 nl/min. This dose regimen
of LIDO is based on functional pharmacokinetics of LIDO in brain tissue for establishing a
continuous block of neuronal activity (Martin, 1991; Tehovnik and Sommer, 1997).
Furthermore, the infusion paradigm has been shown to cause no discernible tissue damage on
histological evaluation in our previous studies (Evans et al., 2003, 2004), and has an estimated
volume of functional spread of <1 mm3 (Albert and Madryga, 1980; Jaferi and Bhatnagar,
2006; Ritter, 2003, and see Evans et al., 2003 for additional references). Blood samples (1.5
ml) were drawn every 30 min and immediately replaced with equivalent volumes of donor
blood drawn from unstressed rats (donor rats were routinely handled such that they were
habituated to the blood draws and unstressed on the morning of the experiments). Plasma
samples were stored frozen for subsequent use in assays.

4.4. Histology
Following the termination of infusions, each animal was overdosed with sodium pentobarbital
(Nembutal®, Abbott Laboratories, Chicago, IL). Fast green dye (0.3 μl; VWR, Westchester,
PA) was infused into the THPVP to mark the guide cannula track, and then animals were
perfused transcardially with 0.9% saline followed by 4% paraformaldehyde. Brains were
removed and placed in 4% paraformaldehyde at 4 °C for 3 days. Brains were submersed in
30% sucrose followed by freezing at −80 °C in embedding media (Fisher, Pittsburgh, PA),
until sectioning at 40 μm. Tissue sections were mounted on slides and viewed under low power
magnification to verify cannula placement.

4.5. Plasma assays
Plasma from blood samples were obtained for the measurement of neuroendocrine
counterregulatory responses to hypoglycemia and stored at −80 °C until assayed. Blood for
the catecholamine assays was collected on EGTA:glutathione (2.3 mg/ml:1.5 mg/ml; Sigma,
St. Louis, MO). Tubes for glucagon assays contained 10 μl of 1 M benzamidine (Sigma, St.
Louis, MO) and 1 U heparin. Blood for glucose, corticosterone, and ACTH assays was
collected on EDTA and aprotinin (0.7 TIU; Sigma, St. Louis, MO). The assays have been
described previously (Evans et al., 2001). Briefly, a radioenzymatic method as described in
Evans et al. (1978) was used for determination of plasma EPI and NEPI. A radioimmunoassay
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procedure was used for plasma corticosterone measurement as described in van Dijk et al.
(1997). Plasma glucose was measured spectrophotometrically, after a glucose oxidase reaction,
with a Dynatech MR5000 microplate reader connected to a PC computer running Dynatech
Biolinx software (Dyantech Laboratories, Chantilly, VA). Glucagon was assayed by the Linco
glucagon RIA kit (Linco Research, St. Charles, MO). Measurements of ACTH were made
using the Nichols Institute Diagnostics immunoradiometric assay kit (Nichols Institute
Diagnostics, San Juan Capistrano, CA).

4.6. Statistical analysis
Data from the plasma assays were analyzed using two-factor ANOVA (time×hypoglycemia
experience [SH or RH] or time×treatment [LIDO or PBS]) for overall (integrated) effects.
Specific post hoc comparisons were carried out using Student's t-test. Significance for all tests
was taken as p≤0.05.
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SH  
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THPVP  
posterior paraventricular nucleus of the thalamus

LIDO  
lidocaine

EPI  
epinephrine

NEPI  
norepinephrine

PBS  
phosphate buffered saline
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Fig. 1.
Bilateral guide cannula placement. Left, figure from Paxinos and Watson, 1986; the circle
indicates the target area of the THPVP. Right, actual bilateral guide cannula placement. Cresyl
violet stained coronal section showing cannula track (black arrow) and cannula end (green dye)
marking the target area of the THPVP. (The specific placement coordinates for this micrograph
correspond to −3.3 mm AP from bregma; ±0.2 mm ML from midline; −5.4 mm DV from skull.)
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Fig. 2.
Comparison of Glucagon, EPI, and NEPI responses to single or recurrent hypoglycemia with
PBS or LIDO infusion into the THPVP. Upper: Glucagon, EPI, and NEPI responses to recurrent
hypoglycemia (RH) are comparable to those in rats experiencing a single (naive) bout of
hypoglycemia (SH), when PBS is infused into the THPVP. Data for RH subjects are expressed
as a % of the identical, time-matched responses for SH subjects (all mean SH responses being
set to ‘100%’), and are shown as mean±standard error of the mean. See Table 1 and Results
for group sizes. Lower: Glucagon, EPI, and NEPI responses to RH are decreased relative to
those of rats experiencing a single (naive) bout of hypoglycemia (SH), when LIDO is infused
into the THPVP. Data for RH subjects are expressed as a % of the identical, time-matched
responses for SH subjects (all mean SH responses being set to ‘100%’), and are shown as mean
±standard error of the mean. See Table 1 for group sizes. ‘*’ indicates p<0.05 vs. SH response,
at the timepoint indicated.
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Fig. 3.
Glucagon, EPI, and NEPI responses to recurrent hypoglycemia with PBS or LIDO infusion
into the THPVP. THPVP LIDO suppresses the NEPI response to a third bout of hypoglycemia
(RH), relative to THPVP PBS-infused RH subjects. Data for LIDO-infused subjects are
expressed as a % of the identical, time-matched responses for PBS-infused subjects (all mean
PBS responses being set to ‘100%’), and are shown as mean±standard error of the mean. See
Table 1 for group sizes. ‘*’ indicates p<0.05 vs. PBS response, at the timepoint indicated.
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