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the apparent release of norepinephrhie (NE) In the hypothalamus and prefrontal codex. The potential
role of corticotropin-releaslng factor (CRF) In the activation of the IC-NE system was kinvestigated.
CRIF Infused Into the LC, but not in surroynding brain structures (such as the parabracWa nucleus).
inceased the apparent synaptic release of bortical NE. This effect was largely iuateiK, and appears
to Involve CRF-receptors. We have performed preliminary studies using the new technique of k7 Vt'*.
voltamnmetry. These studies have confirmed the increased appearance of extacellular NE following*
nnitroprusside Infusion. The superior time resolution of this technique Indicated tha the NE response 1
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appeared to diminish fth. NE response to footshock and may also affect basal NE release.

Behavioral studies indicated that activation of NE system with idazoxan almost completely Inhibited
stress-induced ultrasonic vocalization, with relatively small changes In stress-induced freezing. We
ffailed to find any consistent effects of 6-hydroxydopamine-induced lesions of fth dorsal noradrenergic
bbundle, although vocalization was slightly potentiated.
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CEREBRAL NEUROCHEMICAL MECHANISMS IN STRESS AND ANXIETY
First Annual Technical Report - February 1, 1993 - January 31, 1994

A. Several experiments using in vivo microdialysis in rats were
completed:

1. Sodium nitroprusside Infusions activate cortical and s

hypothalamic noradrenergic systems In rats.

To demonstrate the suitability of in vivo microdialysis for studies of
cerebral neurochemical mechanisms in stress, we examined the
norepinephrine (NE) response to acute hypotension induced by intravenous
infusion of sodium nitroprusside. Nitroprusside is known from
electrophysiological data to activate the locus coeruleus (LC)
noradrenergic neurons. In anesthetized rats such treatment enhanced the
apparent release of NE in two LC projection fields, namely the medial
prefrontal cortex (PFM) and medial hypothalamus. The increase in
extracellular NE in hypothalamus (67%) was greater than that in the
prefrontal cortex (41%). The increase in extracellular NE in both regions
outlasted the decrease in blood pressure. It is concluded that
microdialysis is sensitive enough to monitor physiologically induced
changes in the activity of the cerebral NE system. The observed activation
of the cortical NE system reflects activation of the LC-? E neurons and
may be responsible for the behavioral responses in stress. The
hypothalamic NE system is activated as a part of a larger system
responsible for the regulation of blood pressure, and its activation may
reflect an autonomic component of the organismic response to stress.
The data were published in Neuroscience Research Communications and a
poster was presented at the 1993 Annual Meeting of the Society for
Neuroscience (copies attached).

2. Corticotropin-releaslng factor administered Into the locus
coeruleus but not the parabrachlal nucleus stimulates
noreplnephrine release In the prefrontal cortex.

Previous studies indicated that Intracerebroventricular application of
corticotropin-releasing factor (CRF) activated noradrenergic neurons in
the brainstem LC and NE metabolism in several brain regions. To assess
whether CRF has direct effects on LC noradrenergic neurons, CRF was
infused into the LC and concentrations of NE and its metabolites were
measured in microdialysates collected from the PFM. Infusion of 100 ng
of CRF into the LC significantly increased dialysate concentrations of NE
and of its catabolite, MHPG, in the ipsilateral PFM, whereas no significant
changes were observed following infusion of artificial CSF. No response



was observed when the infusions of CRF occurred outside of the LC,
including those in the parabrachial nucleus. Although CRF administered
into the LC slightly increased dialysate concentrations of NE in the
contralateral PFM, this effect was not statistically significant. The
effect of CRF injected into the LC on dialysate NE was prevented by
combination with a ten-fold excess of the CRF antagonist, alpha-helical
CRF9.41, indicating some specificity in the response. These results are
consistent with anatomical and electrophysiological evidence suggesting
that CRF may directly activate noradrenergic neurons in or close to the IC.
Submitted for publication in Brain Research Bulletin and to be presented
at the 1994 Annual Meeting of the Society for Neuroscience (copies
attached).

3. Chlordlazepoxide attenuates overflow of extracellular NE In
prefrontal cortex caused by CRF Infused Into LC.

In the previous experiment, we demonstrated that in anesthetized rats
administration of CRF into LC increased the concentration of NE in
microdialysates collected from the prefrontal cortex. Those results were
replicated in the current experiment in which we tested the effect of a
benzodiazepine on the noradrenergic response. Preliminary results
indicated that the response could be attenuated by pretreatment with
peripherally administered chlordiazepoxide (COP) (Figure 1 attached).

4. Effects of repeated footshock on overflow of hypothalamic
norepinephrine In freely moving rats.

Footshock augments the release of catecholamines in the hypothalamus.
This study examined the effects of repeated footshock on releaSe of
hypothalamic NE. Rats were subjected to two 20-minute sessions of
footshock (60 x 0.1-0.2 mA) separated by 100 min and the NE
concentrations were measured in microdialysates collected over
subsequent 20 min periods. After the first footshock session the
concentraton of NE in the dialysate samples was augmented by 64% (p <
0.01) in comparison with baseline. After the second footshock session the
increase reached 313% of baseline (p c 0.05) of the baseline preceding the ror
first stress session, and 251% (p < 0.05) of the value immediately
preceding the second footshock session. It is concluded that the NE 0
response to footshock may be potentiated by a previous period of 0
footshock.

A manuscript is in preparation and a figure is enclosed (Figure 2).
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5. Effects of chlordlazepoxide on stress-induced overflow of
cerebral norepinephrine.

Synaptic release of cerebral catecholamines is increased during stress.
Benzodiazepines, such as CDP are the most commonly used anxiolytic
drugs. The effects of the benzodiazepines on stress-related release of
catecholamines have been controversial. We examined the effect of CDP
pretreatment on the footshock-induced release of cerebral NE. Freely
moving rats were implanted with microdialysis probes in the medial
hypothalamus and the medial prefrontal cortex (PFM). Footshock (60 x
0.1-0.2 mA shocks in 20 min) significantly increased microdialysate
concentrations of NE in the first sample collected after initiation of
footshock. In the hypothalamus, dialysate NE was augmented by 50% of
baseline, and in the PFM by 143%. CDP administration (5 mg/kg ip) had no
statistically significant effects on the basal dialysate concentrations of
NE, although there was a tendency towards a reduction. CDP administered
one sample before the footshock attenuated the dialysate concentrations
of NE in footshock animals. These results suggested that footshock
increased the synaptic release of NE in the cortex and hypothalamus, and
that the response could be attenuated by CDP. The experimental design
used could not distinguish whether CDP altered the input to LC
noradrenergic neurons, or whether the benzodiazepines exerted a direct
effect on the noradrenergic neurons. Experiments involving local cortical
administration of CDP are in progress.

A manuscript is in preparation and a poster will be presented at the 1994
Society for Neuroscience Meeting (abstract enclosed).

6. In vivo voltammetry: Effects of sodium nitroprusslde and
Idazoxan on catecholaminergic activity

Experiments like these described in Section 1 above but using in vivo
voltammetry were initiated. With recording electrode in the PFM we
observed that intravenous infusion of sodium nitroprusside triggered a
short-lasting (< 200 sec) increase in an oxidation current with
characteristics like those of NE. Local administration of Idazoxan
produced a similar result, suggesting that the recorded oxidation current
was related to release of NE. The voltammetric experiments confirm the
results of the microdialysis study and suggest that nitroprusside
activates the noradrenergic system for a rather short period of time.

Examples of two voltammetrograms are enclosed (Figures 3 and 4).



B. Behavioral studies using several animal models of anxiety were
initiated:

7. Effects of lesions of the dorsal noradrenergic ascending
bundle (DNAB) on shock-Induced freezing and vocalization In
rats.

Adult rats received bilateral infusions of 6-OHDA into the dorsal
noradrenergic ascending bundle (DNAB) that resulted in almost complete
depletion of the cortical and hippocampal NE. The following behavioral
patterns were observed after the lesions: 1. Air-puff-induced freezing
and ultrasonic vocalization (nonpainful); 2. Electric footshock-induced
freezing and vocalization (painful); 3. Conditioned freezing and
vocalization (nonpainful); 4. Exploratory behavior in elevated plus-maze;
5 Withdrawal behavior and exploration in an open field provided with a
refuge. The above behavioral patterns are sensitive to a variety of
anxiolytic and anxiogenic compounds that may interact with the brain
noradrenergic system. However, we did not find any significant effects of
the DNAB lesions on the observed behaviors. Ultrasonic vocalization was
potentiated in the DNAB rats but not to an extent that would suggest any
significant role of the ascending NE system in this response. The study
will be repeated.

A poster was presented at the 1993 Annual Meeting of the Society for
Neuroscience (copy attached).

8. Effects of Idazoxan on stress-induced freezing and
ultrasonic vocalization.

The effects of idazoxan (1.25, 2.5 and 5 mg/kg) on stress-induced freezing
and ultrasonic vocalization were studied. Preliminary results Indicated
that activation of NE system by idazoxan resulted in almost complete
inhibition of stress-induced vocalization, and relatively small changes in
stress-induced freezing. Although unexpected, the results agreed with our
previous experiments in which it had been demonstrated that depletion of
the dorsal noradrenergic system with a neurotoxin DSP-4 dramatically
enhanced stress-induced vocalization.
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Figure 1. Efffects of chlordiazepoxide (CDP, 5 mg/kg ip,) on release of NE in frontal

cortex caused by injection of corticotropin-releasing factor (CRF, 100 ng) into the

locus coeruleus.
The mean value of the control samples (open bars) preceding the first treatment

was used to define the baseline (I.e. 100%). The remaining pre-, and post-treatment

values were then expressed and analyzed as percentages of this baseline value.
") Different from baseline, p < 0.05.
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Figure 2. Effects of repeated footshock on concentration of NE in
microdialysates collected from the paraventricular nucleus of the
hypothalamus.
The mean value of the four samples immediately preceding the first
footshock session was used to define the baseline (i.e. 100%,
average of baseline samples bi - bM).
The pre-, and post-shock values were then expressed and analyzed as
percentages of this baseline value.

* *Different from baseline (average of samples bl-b4); p < 0.05;
0.01, respectively;
+ Different from sample f6; p < 0.05;
$ Different from sample fl; p < 0.05.



Figure 3. Effect of intravenous infusion of sodium nitroprusside on
NE-like oxidation current recorded from a single carbon fiber electrode
place in the prefrontal medial cortex of a rat. The infusion began at time
0 sec and lasted for 600 sec. Oxidation current began to increase at 260
sec, reached a peak at 325 sec, and returned to baseline at 455 sec.

Figure 4. Effect of local microinfusion of idazoxan (lpM/21l/min) on
NE-like oxidation current recorded from a single carbon fiber electrode
place in the prefrontal medial cortex of a rat. Fused silica microtubing
used to make the infusion was glued alongside the recording electrode.
The infusion began at time 0 sec and lasted for 35 min. Oxidation current
began to increase at 400 sec, reached a plateau at 500 sec, and began to
return to baseline at 2100 sec (end of infusion).
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SODIUM NITROPRUSSIDE INFUSIONS ACTIVATE CORTICAL AND

HYPOTHALAMIC NORADRENERGIC SYSTEMS IN RATS

Gennady N. Smagin, Anur H. Swiergiel and Adrian L Dunn

Department of Pharmacology and Thempeutic,
Louisiana State University Medical Center, ShrevepoM LA 71130-3932

"'1 (Aocepted Juaatw 10. 1994)

SUMMARY
Sodium nitrcprusside (NP) infusions cause hypotension and accelerate the firing

rate of locus coerileus (LC) noradrenergic neurons. NP was infused into anesthetized
rats implanted with microdialysis probes in the medial prefrontal cortex and medial
hypothalamus. The infusion decreased blood pressure by 42%. During the IS min
infusion, the norepinephrine (NE) concentration in the conical dialysate was elf-, !r 4
by 41%, and in the hypothalamic dialysate by 67%. After infusion, the con.,l
dialysate NE concentration promptly returned to the pre-infusion value, whereas dte
hypothalamic concentration remained elevated for 45 mm. Dialysate concentrations of
dopamine and its catabolites, and of the serotonin catabolite, 5-HIAA, were not
significantly altered, suggesting a selective response of NE neurons. Incrased release
of NE in the cortex probably reflects activation of LC.NE neurons. However, because
the hypothalamus receives only a small input from the LC, the lager changes . this
•aregion suggest tactivation of oher brain stem sources of no r proecdtiom

:0 KEY WORDS: corte hypothalamus; microdialysis; nitropssldK
norepinephrine locus coeuuleus

INTRODucON
Intravenous infusions of sodium nlropMsside (NP) produce vodfadm nd a

acute decrease in blood pressure. Using a voltammetrk mehod 11hasan and Paw
(2) observed that the resulting hemodynarnc stress altered the ctivity of locus
coeruleus (LC) neurons- It has recently been demonstrated that the fall in blood

o 1"d by h wo a too. ta
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pressure produced by NP infusions increases the rate of spontaneous electrca

discharge of the LC noradrenergic neurons (LC.NE) in both conscious and
anesthetized rats (4, 17, 20). As the largest noradrenergic center projecting to th

forebrain, the LC may mediate behavioral and autonomic responses in stress (12).

Because the LC is the main source of norepinephrine (NE) innervation of the come

(18). LC activation is likely to be reflected in changes in conical noradrenergic

activity. However, it is not known whether an increase in the rate o( firing of the LC.

NE neurons caused by a physiological stressor alters NE release in dt terminal fields.

We studied whether hemodynamric stress that is known to activate LC-NE

neurons alters extracellular concentrations of catecholamines in the medial frontal

cortex and medial hypothalamus as determined by ia vivo microdialy&l.

MATERIALS AND METHODS
Animals and surgery. Male Sprague.Dawley rats purchased from Harlan Inc.,
Indianapolis. and weighing 300-350 g at the time of the expeAiment were used. MWe
rats were anesthetized with sodium pentobarbital (25 mg/kg Lp.) immediately followed
by urethane dissolved in distilled water (800 mg/kg i.p.). Anesthesia usually bated for
more than 12 hours. On rare occasions, after 4-5 hours, some rats that appeamd to
become vigilant received an additional 12 mg/kg of pentobarbital. The animals were
placed in a stereotaxic apparatus with the incisor bar raised + 5.0 mm. A microdialysls
probe was lowered into the medial prefrontal cortex using the following coordinates:
AP: + 3.6 mm; L± 1.6 mm; V: 5.0 mm below skull surface, tilted medially at aangl
of 150. A second probe was inserted into the medial hypothalamus in the approximate
region of the paraventuicular nucleus (PVN) at: AP: +0.2 mm; L t 0.6 mn= V: 10 =
below skull surface. A catheter connected to a blood pressure transducer was insertd
into the femoral artery and a second catheter connected to a syringe filled with either
physiological saline or NP was inserted into the femoral ve.

Microdialyus and HPLC catecholaml assays. Co• t •c ulodllu
probes wem construed inour .aboratoa from an outer' - a•e• e
and an inner fused silica tuftn. ."e uninterrupted sWca to was oIamo to
reach te collection vials and its dead volume did ne 3 PL Iu
membrane tube 250 Pm in diameter with a cut-off mobcua welWj at000
(Spectz wf Fiber) was glued to te outer steel tbing sod sedaed * , 1
active leng of the diys mmbrm was 4.Om o t cl me hMie =1
foe the hypothalami ones. The probes were perfuse wIva ertiih eer
(a(SF.- I I.14 Caft2. 32 .14 W0904. 0.3 mM NaHIft 3.4 AM -KV41 ~MM
N&Cadjusted to pH 7.2) at a flow rate of 2.2 NLc samlues d were
collected every IS min Into mikrovial containing OpI Atf& M WI 04 ad IlX am
of NMDA (N-methyldoparine) as internal standard. hI smples weve alysed fbr
NP, MHPO (3-methoxy.4-hydroxyphenylethyleneglycol) DA (dp w DOAC
(3,4-dihydroxyphenylacetic acid), HVA (homovariflic acid) and S-HIM (5.hy&ray-
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indoleacetic acid) using the HPLC system previously described (0 I). Reladve & vbe
recovery of compounds by microdialysis probes was determined a described
previously and exceeded 10% for all analysed compounds (I ). Because the diffusion
of neurotransmitters from within brain tissue is likely to be different from that in
saline, we did not correct out in vivo data for these in vitro recoveries.

Experimentalprocedre. After insertion, the probes were perfused for 2 h and the
microdialysate discarded. Five pretreatment samples were then collected. Sodium INP
was then infused into the femoral vein at a dose of 10 pg in 30 pyrmin for 15 "
(a total dose of 150 ag) and the microdialysate samples were collected for the next two
hours. Mean arterial blood pressure was recorded throughout the wbole experimen
Preliminia experiments indicated that control infusions of physiologi saline had w
effect whatsoever on the observed parameters. Thefore, cianges obsrved &ug
and after the NP infusions were related to the pre-inbtsioo values and not to te conod
physiologia saline infusions.

Data analysis. Only data obtained from animals with the microdialysis probes placed
within the medial prefrontal cortex or the medial hypothalamus, close to the PVN,
were included. Thre mean value of the three samples immediately preceding the NP
infusion defined the baseline value (i.e. 100%). The pre. and post-infusion values
were then expressed and analysed as percentages of the baseline value. Analysis of
variance was used to determine whether there were significant changes in dialysate
concentrations of compounds over time. Dunnett's t-tests were used post.hoc to
determine the statistical significance of any changes in relation to the baseline value.

RESULTS
Prior to the NP infusion, the rats maintained stable mean arterial blood pressure

and heart rate (Fig. IA). After initiation of the infusion the blood pressure decrased to
58% of the pre-infusion value (p < 0.001) by the second minute and remained at ta
level throughout NP infasio. When infusion was terminated, thee was a bil
overshoot to 120% of the pr-inrifson blood pressure, followed by a slow return to ft

pre-biusun press.u.
Diay*s@e lpr4onal corlx

Analysis of variance revealed that the infuslo of sodium nltropmu

significanl y altered dialysate cocentradons of E (P(9,.54) = .0, p < 0.001). Duw*

the hfudon the NE concentration in the dlalysme iea i 141113% (p < 0.001)

SOthe pre-Infusimo value (fit. ID). At the end ofthe indbdhsion, ft N tcnce iatra

returned to a value not significantly different from h pre-infusiom value.

Concentrations of MHPO. DOPAC, HVA and 5-HIAA iOnthe - a te sans
collected duning the infusions were 120*± 20, 114 ± 10, 107 110 and 129 120%.

respectively, of the pre-infusion values (not signifcantly different frm bwsele).
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Dialysis of ledi hpothaknaus.
Infusion of NP significantly altered the concentrations of NE in the

hypothalamic microdialysates (F(7,42) = 3.5, p ( 0.01). The infusion elevated ft
concentration of NE to 167 t 28% (p < 0.01) of the pre.infusion value (Fig. IC).
When the infusion was terminated, concentrations of NE decreased, but remained
above the pre-infusion level (p < 0.01) for the next 3 sampling periods (45 min), ater
which they were not significandy different from baseline. Hypothalamic MHPO
increased to 151 t 27% (p < 0.05). Concentrations of DOPAC, HVA and -HIMA in
dialysates collected during the infusions were 95 :t 10, 130 :t 19 and 124 : 14%,
respectively, of dte pre-infusion values (not signiicanldy different from baseline).

DISCUSSION
These results demonstrate that intravenous infusion of sodium nitroprusside

activates noradrenergic systems in the medial prefrontal cortex and the medial
hypothalamus. Increased dialysate concentrations of NE indicate elevated extraceilular
concentrations of NE which most probably derive from increased release. The fiding
that the increased concentrations of NE were accompanied by elevated concentrations
of MHPG also suggests an increased NE release (9). Concentrations of DA and its
catabolites, and the serotonin catabolite, 5-HIAA were not significantly altered,
suggesting that the effect of NP was selective for noradrenergic neurons.

There are good reasons to believe that the observed noradreneark responses ar
mediated, at least in part, via LC noradrenergic neurons. The LC is the sole source of
NE innervation in the frontal cortex (18). It has been demonstrated that electrical
stimulation of LC activates cortical noradrenergic systems (10). The bypothalamn
receives noradrenergic projections from At, A2 and A6 brain stem areas. The mej*r
innervation Is from the A2 cell group (I), to the changes we obsevd most likdy
result from activation of this region. However, LC neurons receive cadlovsculw.
related afferent Information (5) and project to cardiovascular regulatmy areas of
hypothlamus. Mo. Zoo and Ku (22) showed that injection of gtam ito ft LC
evoked a pressor esonse. is pressor rsponse decreased after a bolb tunseots
caudal to the PVN, but was unchanged when the transection was rosd io ft FMV.
lre LCpmsmaspons could aWo be autedad by pire i of -hemoamL,
propranolol, or atropie no the roal ventrolteral medu&l. Thesm mu
that the LC-pressor response is mediated by the medulla, and by dre PYNM Moeover, kt
has been observed that electrical stimulation of LC Increases elease of NE in do
hypothalamus (). LC may thus provide a small, but perhaps ffInionaiy hnipornta,
part of the NE hypothalamic innervation (14). This Innervation may counibute to as
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noradrenergic response observed in the present experimeut. Changes in ab
electrochemical activity of the LC neurons have been observed in response 1o NP- ind
phenylephrine-induced alterations in blood pressure (2, 16). k has alo been obarved
that experimentally induced changes in blood pressure were associated with changes in
the firing rate of the LC neurons (6. 20). Most important. Valentino and co-woAm (2,
20) demonstrated that injections of NP identical to those used in O preasent experiment
consistently increased discharge rate of LC neurons.

What is the functional significance of the observed changes? Iti 'possibe dim
activation of the cortical noradrenergic system reflects arousal commonly observed
during stress. In conscious rats. arousal correlates well with iC activation (7) and tabl
would support the possiility that the LC mediates behavioral sposes during gram.
It has also been reported that LC activation elicits elec Pboencephgr flt(0
signs of arousal recorded from the frontal cortex in anesthetized ruts (1, M). fes
findings suggest that LC activation may play some role in minaaining amul during
cardiovascular challenge.

The LC innervates brain structures that are involved in the control of
cardiovascular function. These include the cardiovasculatoty regulatory are of die
hypothalamus and brainstem (the nucleus of the solitary rat, the mncleus ambigum,
the dorsal motor nuclei of the vagus) (see 15. 16). Several studies have shown that
changes in blood pressure are associated with changes in the activity of the LC,
suggesting that the LC may function as a sensory nucleus esponding to hemodynamic
changes (19). An intriguing possibility is that the prefrontal cortex participates in she
regulation of cardiovascular function. Zbrozyna and Westwood (21) demonstrated tha
stimulation of the prefrontal cortex inhibited conditioned increases in blood press..
The authors suggested that the prefrontal cortex plays an essential wkle in uppessis
of cardiovascular and behavioral changes aeivated by fear or aggiuulm

ere a, no reports that acute hypoenulon result. aW Ims, m buI n
subjects, administration of clonidine, resulting bi a decrease hb uwer ptum od
eart ra•, produces a siSnificant reduction in anxiety ). I( at ba beem eponed t

the onset of LC activation by NP was enmporaly comrled vl ch s i NO
ativiw y of the fastal cortex (20). The premv deft s8 t a wayU dIns eem88
fo rekase of NE from cortlW temnal, n ug adlose vel mabewi een d
eklci uaiv of LC-NE neuron, NE rels, ad dU IM Ikn
possible to know whedter obseed activate of die f kypo ummu
system Is mediated by the rather minor contiutine ronm do LC, by So vwei
noradrener bundle originiating mainly from the Al and A2 cel gnvps, aby
an intrinsic hypothlamic system participatilng in the maintenam o blood peUNI
bomeostas
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We conclude that experimentally induced bypotension causes increases in dih

concentration of NE in dialysates from the medial prefrontal corex and medial
hypothalamus, most probably reflecting increased NE release. This activation of the
conical noradrenergic system reflects activation of the LC-NE neumns and may be
responsible for the behavioral responses in stms. The hypothalamic NE system is
activated as a pan of a larger system responsible for the regulation of blood pressure,
and its activation may reflect an autonomic component of the organismic response to
stress.

This research was supported by AFSOR (F49620-93-1-OI2SDEF) and NIMH
(MH46261) grants to AJD.
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ABSTRACT

SMAGIN, G. N., A. H. SWIERGIEL AND A. J. DUNN. Corticotropin-releasing

factor administered into the locus coeruleus but not the parabrachial nucleus

stimuldaes norepinephrine release in the prefrontal cortex. BRAIN RES BULL

xxx 1994. - Previous studies have indicated that intracerebroventricular

application of corticotropin-releasing factor (CRF) activates noradrenergic

neurons in the brain stem locus coemleus (LC) and norepinephrine (NE)

metabolism in several brain regions. To assess whether CRF has direct effects on

LC noradrenergic neurons. CRF was infused into the LC and concentrations of

NE and its metabolites were measured in microdialysates collected from the

medial prefrontal cortex (PFM). Infusion of 100 ng of CRF into the LC

significantly increased dialysate concentrations of NE and of its catabolite hVOPG

in the ipsilateral PFM, whereas no significant changes were observed following

infusion of artificial CSF. No response was observed when the infusions of CRF

occurred outside of the LC, including those in the parabrachial nucleus.

Although CRF administered into the LC slightly increased dialysate

concentrations of NE in the contralateral PFM, this effect was not statistically

significant The effect of CRF injected into the LC on dialysate NE was

prevented by combination with a ten-fold excess of the CRF antagonist, alpha-

helical CRF94, indicating some specificity in the response. Tihse results an
consistent with anatomical and electrophysiological evidence suggesting that CRF

may directly activate noradrenergic neurons in or close to the LC.

Keywords: norepinephrine microdialysis prefrontal cortex

corticotropin-releasing factor locus coeruleus parabrachial nucleus
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INTRODUCTION

Many studies have demonstrated increased norepinephrine (NE)

metabolism associated with stressful treatments (12,27). This increased

metabolism has been attributed to increased synaptic release of NE, consistent

with in vivo microdialysis studies that have indicated increased extracellular

concentrations of NE associated with stress (3,6,21,24). Similar increases in NE

metabolism have been observed following intracerebroventricular (icy)

administration of corticotropin-releasing factor (CRF: (1,7,11,13,17). This has

also been supported by microdialysis studies in which icy CRF increased dialysate

concentrations of NE collected from the medial prefrontal cortex and the

hypothalamus (14,15).

Because the noradrenergic innervation of the frontal cortex originates

from the brain stem locus coeruleus (1,C) the changes in NE metabolism likely

result from increased activity of the LC neurons. Electrophysiological studies

have indicated that LC noradrenergic neurons are activated during stress (2).

Such activation also occurs following icv administration of CRF (29).

Immunohistochemical studies have indicated a close apposition between CRF-

containing neurons and noradrenergic neurons in the LC (25,30). Consistent

with a functional significance for this anatomical arrangement, it has been

reported that local application of CRF in the region of the LC also activates the

noradrenergic neurons electrophysiologically (29).

In a recent study we observed that intravenous infusion of sodium

nitroprusside augmented concentrations of NE in dialysates collected from the

medial prefrontal cortex and medial hypothalamus (26). Nitroprusside is known

to increase the rate of discharge of LC noradrenergic neurons, presumably

because of the consequent acute hypotension (32). A relationship between CRF

and noradrenergic neurons may be functional during hypotension because
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application of the CRF antagonist, alpha-helical CRF,1 (ahCRF), direcdy into

the LC prevented the increase in LC firing due to nitroprusside (31). ahC

injected into the LC also prevented the increase in tyrosine hydroxylase activity

caused by a paradigm involving intermittent foot shock and noise (18).

In the present study we examined the hypothesis that CRF-receptors located

in or close to the LC or the parabrachial nucleus (PBN) mediate changes in dt

activity of LC noradrenergic neurons. CRF was infused directly into the LC or

the PBN and the concentrations of NE and its catabolites in microdialysates from

the medial prefrontal cortex were determined.

MATERIALS AND METHODS

Materials

Corticotropin-releasing factor (CRF) and the CRF antagonist, alpha-helical

CRF9.41 (ahCRF) were gifts from Dr. Jean Rivier (Peptide Laboratory, The Salk

Institute, San Diego, Ca).

Animals

Male Sprague-Dawley rats purchased from Harlan Sprague Dawley

(Houston, TX). weighed between 250 and 350 g at the time of experiment. For at

least one week prior to an experiment the rats were housed singly in plastic cages

with ad libitum access to Purina rat chow and tap water. A 12 h light:12 h dak

cycle with light on at 07:30 was maintained.

Stereotaxic surgery and infusion procedure

Rats were anesthetized with sodium pentobarbital (25 mgikg ip) followed

by urethane (dissolved in water, 0.8 gfg ip). They were placed in a stereotaxic

frame with the incisor bar raised 5.0 nm. Tips of microdialysis probes were

placed in the medial prefrontal cortex (PFM) using the following coordinates: AP

- +3.6 nun from bregma; L ±1.7 mm with the arm tilted 150 towards the
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midline, and DV = 5.0 min below the skull surface. A hole was drilled in do

skull above the LC for later infusions. An injector was made from 33 ga fused

silica tubing (OD 0.175mm: Polymicro Technologies, Phoenix, AZ) insened into

27 ga stainless steel tubing and attached to an arm of the stereotaxic apparatus.

The fused silica tubing protruded 2 mm from the stainless steel tubing and was

connected at its other end to a 5 id Hamilton syringe driven by an infusion pump

(Razel Scientific Instruments, Stamford, CT). The injector tip was aimed st the

dorsal aspect of the LC using the following coordinates: AP = -2.0 mm from the

interaural line; L = ±1.1 -m from the midline; and DV = 8.0 nun below the

skull surface. For the PBN, the same coordinates were used, except that L was

±2.0 nun. These procedures were approved by the Louisiana State University

Medical Center Animal Care Committee and conform to National Institutes of

Health guidelines.

Microdialysis and HPLC calecholamine assays.

Concentric design microdialysis probes were constructed from an outer

26-ga stainless steel tubing and an inner fused silica tubing. The uninterrupted

silica tubing was sufficiently long to reach the collection vials and its dead volume

did not exceed 3 A1. The dialysis membrane tube, 250 pm in diameter with a cut-

off molecular weight of 6,000 (Spectra/Por1 Fiber: Spectrm Medical, Les

Angeles, CA), was glued to the outer steel tubing and sealed at the tip. The active

length of the dialysis membrane was 4.0 mm. The probes wee perfused with

artificial cerebrospinal fluid (aCSF: 1.2 mM CaCIh. 1.2 as NaHlOM4, 0.3 mM

NaH2PO4, 3.4 mM KCI, 140 mM NaCl adjusted to pH 7.2) at a flow rate of 2.2S

p1/min using a CMA!100 Microinjection pump. Microdialysate samples wene

collected by a CMA/140 Microfraction collector every 22 min directly into

microvials containing 50 pl of 0.1 M HCIO4 and 800 pg of N-methyldopamine

(NMDA) as internal standard.
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The samples were analyzed for NF,

3-methoxy,4-hydroxyphenylethyleneglycol (MHPG), dopamnine (DA),

3,4-dihydroxyphenylacetic acid (DOPAC), homovanilhic acid (HVA) and

5-hydroxyindoleacetic acid (5-HIAA) using an HPLC system consisted of a

Waters M-6000A Pump, and WISP 712 refrigerated autoinjector (Waters

Associates Inc.), a Spherisorb ODSI, 25 cm 5 Aim reverse phase column

(Keystone Scientific, Inc., Bellefonte, PA), a Bioanalytical Systems (BAS, West

Lafayette, IN), LC-4B electrochemical detector with an Antec VT-03-300

electrode (Antec BV, Leiden, The Netherlands) and LC-22A temperature

controller (BAS). The working electrode was set at +0.78 V with respect to a

AgIAgCI reference electrode. The mobile phase contained 0.1 M NaH2PO4, 0.1

mM EDTA, 0.3 mM octanesulfonic acid and 3.5% acetonitrile, pH 3.1. The flow

rate was maintained at 0.9 mI/min. Minor changes of pH, octanesulfonic acid

concentration and flow rate were made to obtain optimal separations.

Relative in vitro recovery of compounds by microdialysis probes was

determined as described previously (15) and exceeded 10% for all analyzed

compounds. Because the diffusion of neurotransmitters from within brain tissue

is likely to be different from in vitro conditions, in vivo data were not coected

for in vitro recoveries.

E£perimeoral procedure, drugs and dosage.

After insertion, the probes were perfused for 2 h and the inirodialysate

discarded. Five pretreatment samples were then collected. 200 al of aCSF, CRF

(100 ng in aCSF) or CRF-ahCRF mixture (100 ng of CRF and I pg of ahCRF in

aCSF) was injected into the LC over 2 min. Sample collection was continued

during the next 2 hours (6 samples). The samples were frozen soon after

collection and stored at -70*C until analyzed.
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RESULTS

Effect of the CRF injection.

In the first series of animals, microdialysis probes were inserted into the

right medial prefrontal cortex (PFM) and the CRF or aCSF injection was aimed

at the LC on the same side. The histological analysis indicated that the injector

tip was located properly within the LC in eight rats that received injections of

CRF, and eight that received injections of aCSF (see example in Figure 1). Ten

further animals received injections of CRF above the LC, either in the cerebellum

(eight) or the fourth ventricle (two); two were in the dorsal tegmental area; and

one was in the locus subcoeruleus. Figure 2A shows the changes in the

concentrations of NE in the dialysate over time from animals that had injector

placements in the LC. Administration of 100 ng of CRF increased the dialysate

NE concentration by 26% of baseline (p < 0.05) in the first sample after

injection, with a maximum increase of 82% in the second postinjection sample (p

< 0.02). The NE concentration was no longer significantly different from
baseline by the fourth postinjection sample, corresponding to 60-80 min after

injection. Injection of aCSF into the LC did not alter the dialysate concentrations

of NE at any time during the sampling period. Six of the eight animals injec

with CR? exhibited increases in NE of 20% or more in the first three samples

(i.e. I hour) following injection, whereas none of the animals receiving aCSP

showed such a response.

CR? administration into the LC also significantly increased the dialysate

MHPG concentration (34%; p < 0.05) immediately after injection (Figure 2B).

The concentrations of the other catecholarnines and metabolites measured

(DOPAC, HVA and 5-HIAA) were not significantly altered (data not shown).

In animals in which histological analysis indicated that injections were

outside the LC region, we did not observe any significant changes in NE or



MHPG concentrations in dialysates from PFNL Figure 3 shows the results

obtained from eight animals that received injections of 100 ng CRF in which the

injector tip was located in the cerebellum. Increases of 20% were observed in

only one of the first three samples following injection in two of the eight rats.

No such increases were observed in the animals that had injector placements in

the tegmentum or locus subcoeruleus. In one rat, the injection cannula passed

through the LC and its tip was located just dorsal of the facial nerve. This animal

showed a large increase in dialysate NE in the fist sample after CRF injection,

but not in subsequent samples. Because the parabrachial nucleus (PBN) contains

receptors for CRF (10) and is a major terminal region for CRF neurons from the

amygdala (19), we tested animals with injection cannulae aimed at the PBN.

Figure 3 also shows the results from eight animals injected with 100 ng CRF in

which the injector tip was located in the parabrachial nucleus. None of these

animals showed any increase in dialysate NE following CRF injections. In two

animals the injector tip was located in the fourth ventricle. These animals showed

small sustained increases in dialysate NE, similar to those observed in our

previous study (15).
In a second series of rats, microdialysis probes were inserted bilateraly

into the PFM and samples were collected simultaneously from the PFM on both

sides of the brain. CRF was injected into the LC on one side only. CRP injection

was followed by a significant i•crease in NE concentration in microdlysis

samples collected from ipsilateml PFM (Figure 4), with a maximum in the firt

sample postinjection (45%; p < 0.05). CRP injection slightly incree the

dialysate concentrations of NE in the contralateral PFM, but this effect was not

statistically significant (Figure 4). MHP concentrations were also elevated in

dialysates from the ipsilateral, but not the contralateral PFM (data not shown).

Effect of CRF and ahCRF injection
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In a third group of animals, a mixture of CRF and ahCRF was injected into

the LC and microdialysis samples were collected from the ipsilaterl PFM. The

amount of ahCRF chosen was based on the results of Rivier (23) which indicated

that approximately a 10-fold excess of ahCRF was required to prevent the

pituitary responses to CRF, and on previous experiments in Which it was found

that 100-200 ng of the peptide injected into the LC was effective in blocking the

stress-related changes in tyrosine hydroxylase (18) or shock-induced freezing

behavior (28). Figure 5 shows the results of this experiment. Signifiat

increases in dialysate NE were observed in the first four samples (31%, 56%,

30% and 34%, respectively) following CRF injection, but injection of the CRF-

ahCRF mixture had no statistically significant effect on dialysate concentrations

of NE or MHPG (data for MHPG not shown).

DISCUSSION

Microdialysis studies permit estimations of extracellular concentrations of

NE. Such measurements reflect the net "overflow" of released neurotransmitters,

i.e. the amount released, less that taken up by the releasing neuron and other cells

in the region. Although such extracellular concentrations of NE am an indirect

estimate of release, studies with drugs that inhibit action potentials (e.g.,

tetrodotoxin), Ca2+ chelating agents, and neurotansmitter re-uptake inhibitout

indicate that dialysate concentrations of catecholamines generally reflect synapti

release (5,8). At the very least, changes in extracellular concentrations are ikely

to reflect changes in synaptic release.

The results of the present experiments demonstrate that CRF infused

directly into the LC increases the concentration of NE and its catabolite MHPG in

microdialysates collected from the ipsilateral medial prefrontal cortex. Mi
finding extends earlier data indicating the ability of icy CRF to increase dialysate
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concentrations of NE in cortex and hypothalamus (14,15). It also complements

the finding that injection of CRF into the LC elevates amygdaloid concentrations

of the NE catabolite, dlhydroxyphenyiglycol (7), and depletes hippocAMpal and

amygdaloid concentrations of NE (9). Two findings attest to the specificity of

this response: fuirt no equivalent response was observed following infusion of

artificial CSF into the LC, indicating that the increased dialysate NE was not

merely a nonspecific response to the injection. Second, CRF was ineffective

when it was mixed with a ten-fold excess of the CRF-receptor antagonist, alpha.

helical CRFlt,4i.

There are good reasons to believe that the CRF acted on receptors localized

within the LC region. CRF infusions within the LC were effective, whereas none

of the injection sites outside the LC was effective. It is particularly interesting

that injections into the parabrachial nucleus were not effective, because this

region appears to contain CRE receptors (10) and the terminals of the major

descending CRF projection from the central amygdaloid nucleus (19). Moreover,

CRF injected into the PBN has been shown to be behaviorally active (1,16). Thus

our results suggest that the behavioral effects of CRF injected into the PBN ar

not mediated via LC noradrenergic neurons, which is consistent with the lack of

direc connecons between PBN and LC (4). Second, the dose of CRF injected

into the LC was considerably more potent than the same dose injecte into do

lateral cerebral ventricles (15). Thirdly, an increase in dialysate NB

concentration was observed in the firt 22-rain period following CRP

administration into the LC, with a peak within 40 min, whereas, when the CRF

was administered into the lateral cerebral ventricle, a small response in NE

occurred in the first 22-min collection period, but the peak response did not

occur until 1-1.5 h. Such a pattern is consistent with the hypothesis that icy CRF

produced its effects after reaching the LC. The results suggest that the CRF
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receptors located in or close to the LC can activate the noradreneri neurons

that project to the prefrontal cortex. However, our results do not indicate

whether the CRP-receptors are on the noradrenergic LC neurons or on other

intemeurons in or close to the LC.

The possibility that CR? can act directly or indirectly on noradrenergic

neurons within the LC is consistent with anatomical data indicating the presence

of CRF-receptors in this region (10), and with an apparent apposition between

CF-containing terminals and LC noradrenergic neurons (25, for a fuND

discussion, see Ref. 30). It is also consistent with electrophysiological dam

suggesting that local application of CR? within the LC increases the firing rate of

noradrenergic cell bodies in the LC (29). Thus our results provide additional

evidence that CRF terminals in the region of the LC can increase the activity of

LC noradrenergic neurons.

It is well documented that exposure to stressful stimuli results in changes in

noradrenergic activity in the cortex (12,27). Microdialysis studies suggest that

increased NE release occurs (3,6,24). Thus a further question is whether or not

CRF mediates the activation of LC noradrenergic neurons observed during stress.

Valentino has shown that local injection of ahCRF into the LC can prevent the

activation of LC noradrenergic neurons that normally occurs in respond to

nitropnisside infusion, but this did not occur when LC neurons wee activated by

sciatic nerve stimulation (31,32). In unpublished data, we have faibd to find my

effect of icy ahCRF (25 pig) on the nomadrenergic responses to foot"ck b MI

Although in these experiments, the ahCRF was injected icy, and not locally in the

LC, this suggests that whether or not CR? mediates the noradrenergic response

may depend on the form of stress, consistent with the results of Valentino (32).

Behavioral results also suggest a role for CRF in the LC region in modulating

stress-induced behavioral changes. Administration of CR? (100 no) into the LC
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induced defensive withdrawal in rats, and injections in this location were morm

potent than icy (7). Bilateral injections of CRF (50 or l0hng) into the LC

immediately after training enhanced retention one day later (9). Moreover,

bilateral injections of ahCRF into the LC (100 ng per side) were able to attenuate

shock-induced freezing (28), and defensive withdrawal (1.25 Ig per side) in naive

animals (Gorman & Dunn, unpublished observations).

The observed laterality of the noradrenergic response in the cortex

supports the conclusion of a discrete, rather than a diffuse, site of action for CRP

in the brain stem. It is interesting that there appeared to be some response in the

contralateral PFM, even though this effect was not statistically significant in our

experiments. Such a response could be due to the small percentage of

noradrenergic fibers that decussate on their way to the cortex (20), or it could

imply that there are local connections within the brain stem, which may serve to

coordinate the activations of the two loci coerulei.

In summary, our results suggest that local application of CRF in the region

of the brain stem locus coeruleus increases synaptic release of NE in the cortex.

This result is consistent with anatomical, electrophysiological and behavioral data

suggesting a functional interaction between CRF-containing terminals in dte brain

stem and noradrenergic neurons in the LC.
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Figre CAzions

Figure 1. A cresyl violet-stained coronal section of the brain at the level of the

locus coeruleus. There is damage at the dorsolateral aspect of the LC indicating

the location of the tip of the injection cannula (arrow).

Figure 2. The effect of aCSF (open bars) or 100 ng CRF (solid ban) ipsilateral

injection into the LC on the concentrations of NE (A) and MHPG (B) in

dialysates from PFN. The frst duee samples before injection (indicated with an

arrow) defined the baseline for each animaL Each sample represents 20 min

collection interval. Each group contained 8 animals. Data are presented as the

mean t SEM of the percentage change from baseline.

* Significantly different from the baseline (p < 0.05, ANOVA followed by

Student's t test).

Figure 3. Effect of CRF injection (100 ng) on NE concentration in

microdialysates from PFM. Animals were from the same group as in the

experiment of Figure 2, but histological analysis indicated that the injector tip

was located outside the LC. Upper figure shows the remults fom eight anima• in

which the injection was aimed at the PBN. The lower figure indicates die results

from eight animals in which the injector tip was located in the ceebelum.

FIg.4. Effect of CRF injection (100 ng) into LC on NE concn I,.

dialysates collected from PFM ipsilateral (solid bars) and contralateral (striped

bars) to the LC injection. Proedures as in the experiment of Figure 2.

*Significantly different from the baseline (p < 0.05, ANOVA followed by

Student's t-test).
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FigS5. Effect of ipsilateral injection of CRF (dark bars) or CRF and ahCRF

mixture (lined bars) on NE concentrations in dialysate samples collected from

PFM. Injection time indicated by the arrow. The CRF injected animals (n=16)

are the combined data from the animals shown in figures 2 and 4. Seven rats

were injected with the CRF-ahCRF mixture. *Significantly different from the

baseline (p < 0.05, ANOVA followed by Student's m-test).
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