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Regional Differentiation of the Medial Prefrontal Cortex in
Regulating Adaptive Responses to Acute Emotional Stress
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The medial prefrontal cortex (mPFC) is an important neural substrate for integrating cognitive-affective information and regulating the
hypothalamo-pituitary-adrenal (HPA) axis response to emotional stress. mPFC modulation of stress responses is effected in part via the
paraventricular hypothalamic nucleus (PVH), which houses both autonomic (sympathoadrenal) and neuroendocrine (HPA) effector
mechanisms. Although the weight of evidence suggests that mPFC influences on stress-related PVH outputs are inhibitory, discordant
findings have been reported, and such work has tended to treat this cortical region as a unitary structure. Here we compared the effects of
lesions of the dorsal versus ventral aspects of mPFC, centered in the prelimbic and infralimbic fields, respectively, on acute restraint
stress-induced activation of PVH cell groups mediating autonomic and neuroendocrine responses. Lesions to the dorsal mPFC enhanced
restraint-induced Fos and corticotropin-releasing factor (CRF) mRNA expression in the neurosecretory region of PVH. Ablation of the
ventral mPFC decreased stress-induced Fos protein and CRF mRNA expression in this compartment but increased Fos induction in PVH
regions involved in central autonomic control. Repetition of the experiments in rats bearing retrograde tracer deposits to label PVH-
autonomic projections confirmed that ventral mPFC lesions selectively increased stress-induced Fos expression in identified preauto-
nomic neurons. Finally, hormonal indices of HPA activation in response to acute stress were augmented after dorsal mPFC lesions and
attenuated after ventral mPFC lesions. These results suggest that dorsal and ventral aspects of the mPFC differentially regulate neuroen-
docrine and autonomic PVH outputs in response to emotional stress.

Key words: ACTH; CRF; Fos; glucocorticoid; HPA axis; hypothalamus; paraventricular nucleus; prefrontal; stress

Introduction

The medial prefrontal cortex (mPFC) is involved in the process-
ing of convergent cognitive and emotionally relevant informa-
tion and in modulating attentional states (Bush et al., 1998, 2000;
MacDonald et al., 2000; Kerns et al., 2004). Increasing evidence
suggests that mPFC plays an important role in regulating the
hypothalamo—pituitary—adrenal (HPA) response to emotional
stress (Diorio et al., 1993; Figueiredo et al., 2003; Spencer et al.,
2005). Such influences are mediated in large part via the paraven-
tricular hypothalamic nucleus (PVH), which houses cell popula-
tions involved in the endocrine (HPA axis) and autonomic
(sympathoadrenal) arms of the stress response. Corticotropin-
releasing factor (CRF) released from neurosecretory cells in the
parvicellular division of the PVH initiates the HPA stress cascade
by stimulating the release of pituitary adrenocorticotropic hor-
mone (ACTH), which, in turn, activates adrenal glucocorticoid
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secretion (Antoni, 1986). Separate and topographically orga-
nized populations in the parvicellular PVH project to CNS cell
groups involved in autonomic control, including sympathetic
preganglionic neurons (Saper et al., 1976; Swanson and Kuypers,
1980). Together, these effector systems serve to mobilize bodily
resources to facilitate coping with acute emergencies, i.e., “fight-
or-flight” responses.

The weight of evidence from lesion studies suggests that
mPFC influences on stress-induced HPA responses are inhibi-
tory (Diorio et al., 1993; Brake et al., 2000; Figueiredo et al., 2003;
Spencer et al., 2005). In these studies, lesions have tended to be
focused on more dorsal aspects of the mPFC, predominantly the
prelimbic (PL) and, to a lesser extent, anterior cingulate cortices
(Diorio et al., 1993; Figueiredo et al., 2003). Dissenting reports
describe altered basal, but not stress-induced, HPA secretory re-
sponses in rats bearing large mPFC lesions that also involve the
more ventrally situated infralimbic area (IL) (Jinks and McGre-
gor, 1997; Sullivan and Gratton, 1999, 2002). Based on these
findings, the possibility of regional specialization has been raised
(Herman et al., 2003, 2005; Sullivan, 2004) but not tested
explicitly.

Although the mPFC has also been directly implicated in facets
of autonomic regulation (for review, see Neafsey, 1990), rela-
tively little attention has been paid to its involvement in the neu-
ral (sympathoadrenal) arm of the stress response. On the basis of
connectivity (Hurley et al., 1991; Gabbott et al., 2005), this might
be expected to be preferentially modulated by IL. Broader infer-
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Figure 1.

commissure, olfactory limb; lot, lateral olfactory tract. Scale bar, 1 mm (applies to all).

ences drawn from work exploring modulation of stress-related
affective behaviors (Morgan and LeDoux, 1995) raise the possi-
bility that dorsal (PL) and ventral (IL) mPFC components may be
differentiated with respect to both the nature of their influence
over PVH effector mechanisms and the underlying circuitry
(Heidbreder and Groenewegen, 2003).

In the present study, we compared the effects of dorsal
(mPFCd) versus ventral (mPFCv) mPFC lesions on hormonal
(ACTH and corticosterone) and histochemical (Fos induction,
CRF mRNA) indices of HPA responses to acute restraint stress.
Ancillary analyses were also performed to assess the impact of
mPFC lesions on stress-induced activational responses of identi-
fied PVH preautonomic neurons.

Parts of this work have been published previously in abstract
form (Radley and Sawchenko, 2005).

Materials and Methods

Animals and treatments. Adult male Sprague Dawley albino rats (275-325
g) were used in all experiments. They were housed individually in a
temperature-controlled room on a 12 h light/dark cycle with the light
period beginning at 6:00 A.M. Food (rodent chow 8604; Harland Teklad,
Madison, WI) and water were available ad libitum. Rats were adapted to
handling for at least 3 d before any manipulation. All experimental pro-
tocols were approved by the Institutional Animal Care and Use Commit-
tee of The Salk Institute.

The basic protocol involved subjecting separate groups of rats to bilat-
eral injections of excitotoxin (ibotenic acid) into mPFCd, mPFCyv, or a
sham injection procedure. After a 14 d recovery period, rats were re-
strained at 9:00 A.M. in plastic restrainers (Braintree Scientific, Braintree,
MA) for 30 min. Controls were handled comparably but were not re-
strained. Stress exposure was timed so that all perfusions were performed
during a 2 h window centered about the middle of lights-on phase of the
diurnal cycle. All animals remained in their home cages during and after

Dorsal versus ventral mPFClesion placements. Atlas plate (modified after Swanson, 1992) and Niss| preparations of
coronal sections through a similar level of the mPFC from representative sham-operated and dorsal and ventral mPFC-lesioned
rats are shown. Damage from excitotoxin lesions was strongly centered in the PL and IL areas, respectively, with minor overlap.
Dorsal lesions spread to involve aspects of the dorsal anterior cingulate region. cc, Corpus callosum, anterior forceps; aco, anterior
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restraint until the prescribed time of perfusion
for histology (2 h after the termination of re-
straint) or during collection of repeated blood
samples.
Excitotoxin lesions. Axon-sparing excitotoxin
lesions were produced bilaterally by local mi-
croinjection of ibotenic acid (10 mg/ml; Sigma,
St. Louis, MO) in sterile saline. Injections were
S placed via pressure ejection (World Precision
< ; Instruments, Sarasota, FL) through micropi-

.f""_;;, 3 3 -f i . pettes (1020 wm inner diameter) to deliver
e i T & . 60—-90 nl/side at the following stereotaxic coor-
Sham dinates, with the skull flat between bregma and

lambda: anteroposterior, +2.90 mm; mediolat-
eral, =0.75 mm; dorsoventral, —2.50 mm from
dura (mPFCd), —4.33 mm (mPFCv). In sham-
lesioned animals, a burr hole was drilled in the
skull and dura was removed in the location dor-
sal to mPFC lesion placements. The extent of
damage to mPFCd and mPFCv was estimated
by reconstruction from Nissl preparations (see
Figs. 1, 2).

Labeling of central autonomic structures. The
extent to which acute emotional stress-induced
Fos-immunoreactivity (IR) within neurosecre-
tory versus autonomic-related neurons in the
PVH after mPFCd or mPFCyv lesions was exam-
ined using retrograde transport methods. In
one experiment, animals received crystalline
deposits of fast blue (Sigma) into the rostral
ventrolateral medulla to exploit the capacity of
the tracer to be taken up and transported by
axons-of-passage and thus provide for maximal
labeling of PVH preautonomic cell groups pro-
jecting to both the dorsal vagal complex and
preganglionic neurons in the spinal cord (Swanson and Kuypers, 1980;
Sawchenko and Swanson, 1982). In another experiment, animals re-
ceived injections of fast blue (5% w/v in water; 500 nl) in upper thoracic
(T1-T2) levels of the spinal cord (Sawchenko and Swanson, 1982).
Tracer injections were made during the same surgical procedure when
mPFC lesions were performed, and animals were allowed to recover for
14 d before the induction of stress. Dual immunoperoxidase labeling for
Fos- and tracer-IR was performed by sequentially localizing the anti-
serum against Fos using a nickel-enhanced diaminobenzidine method
(black nuclear reaction product), as above, and then a Fluorogold anti-
serum (Chang et al., 1990), which cross reacts with fast blue, without
nickel enhancement (brown cytoplasmic product).

Histology and tissue processing. Rats were anesthetized with chloral
hydrate (350 mg/kg, i.p.) and perfused via the ascending aorta at a flow
rate of 55 ml/min with 100 ml of 0.9% saline, followed by 900 ml of
ice-cold 4% paraformaldehyde in 0.1 M borate buffer, pH 9.5. The brains
were removed, postfixed for 3 h, and cryoprotected in 20% sucrose in 0.1
M phosphate buffer overnight at 4°C. Five one-in-five series of 30-um-
thick frozen coronal sections through the entire brain were cut and col-
lected in cryoprotectant solution and stored at —20°C until processing.

Immunohistochemistry. Fos protein was detected using a rabbit poly-
clonal antiserum raised against the synthetic peptide SGFNADYEAS-
SSRC, corresponding to residues 4—17 of human Fos protein (Ab-5, lot
4191-1-1; Oncogene Sciences, Uniondale, NY), used at a 1:10,000 dilu-
tion. Analysis of Fos-IR was performed on free-floating sections using a
conventional avidin—biotin immunoperoxidase technique (Sawchenko
et al,, 1990). Endogenous peroxidase was neutralized by treating tissue
for 10 min with 0.3% hydrogen peroxide, followed by 8 min exposure to
0.5% sodium borohydride to reduce free aldehydes. Sections were incu-
bated with the primary antiserum at a dilution of 1:10,000 at 4°C for 48 h
in PBS containing 0.3% Triton X-100 and 3% blocking serum. The pri-
mary antiserum was localized using Vectastain Elite (Vector Laborato-
ries, Burlingame, CA) reagents, and the reaction product was developed
using a nickel-enhanced glucose oxidase method (Shu et al., 1988). Spec-
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ificity of the antiserum was evaluated by direct
colabeling for ¢c-fos mRNA over a range of chal-
lenge conditions (data not shown). In addition,
specific staining in experimental and control
tissue was abolished by preadsorbing the anti-
serum overnight at 4°C with 50 um of the syn-
thetic peptide immunogen.

Hybridization histochemistry. Techniques for
probe synthesis, hybridization, and autoradio-
graphic localization of mRNA signal were
adapted from Simmons et al. (1989). In situ hy-
bridization was performed using >S-labeled
sense (control) and antisense cCRNA probes la-
beled to similar specific activities using a full-
length (1.2 kb) probe for mRNA encoding the
hypophysiotropic neuropeptide CRF (1.2 kb;
Dr. K. Mayo, Northwestern University, Evan-
ston, IL). Sections were mounted onto poly-1-
lysine-coated slides and dried under vacuum
overnight. They were postfixed with 10% para-
formaldehyde for 30 min at room temperature,
digested with 10 ug/ml proteinase K for 15 min
at 37°C, and acetylated for 10 min. Probes were
labeled to specific activities of 1-3 X 10°
dpm/ug and applied to the slides at concentra-
tions of ~10” cpm/ml, overnight at 56°C in a
solution containing 50% formamide, 0.3 M
NaCl, 10 mm Tris, 1 mMm EDTA, 0.05% tRNA, 10
mu dithiothreitol, 1 X Denhardt’s solution, and
10% dextran sulfate, after which they were
treated with 20 pg/ml ribonuclease A for 30
min at 37°C and washed in 15 mm NaCl/1.5 mm
sodium citrate with 50% formamide at 70°C.
Slides were then dehydrated and exposed to
x-ray films (Kodak Biomax MR; Eastman
Kodak, Rochester, NY) for 18 h. They were
coated with Kodak NTB-2 liquid emulsion and
exposed at 4°C for 3—4 weeks, as determined by
the strength of signal on film. Slides were devel-
oped with Kodak D-19 and fixed with Kodak
rapid fixer.

Hormone assays. Separate groups of animals
were implanted with indwelling jugular cathe-
ters 12 d after receiving mPFCd, mPFCyv, or
sham lesions and 2 d before stress exposure. The
procedures for implanting catheters have been
described previously (Ericsson et al., 1994;
Schiltz and Sawchenko, 2002). Briefly, indwelling
jugular catheters (polyethylene PE 50) containing
sterile heparin—saline (50 U/ml) were implanted
under ketamine—xylazine-acepromazine anes-
thesia (25:5:1 mg/kg, s.c.). The sealed catheter was
positioned with its internal SILASTIC (Dow
Corning, Midland, MI) tip at the atrium and was
exteriorized at an interscapular position. Blood samples (300 ) were taken
before restraint stress to estimate basal ACTH and corticosterone levels.
Additional samples were collected at 0, 30, 60, and 90 min after the termina-
tion of restraint. Samples were collected into chilled EDTA-containing tubes
and centrifuged; plasma was stored at —20°C until assay. ACTH was mea-
sured using a two-site immunoradiometric assay obtained in kit form (Dia-
Sorin, Stillwater, MN), with intraassay and interassay coefficients of varia-
tion of 3 and 9%, respectively, and a sensitivity of 5 pg/ml. Plasma
corticosterone was measured without extraction, using an antiserum raised
in rabbit against a corticosterone-0BSA conjugate and '**I-corticosterone—
BSA as tracer. The sensitivity of the assay was 0.8 ug/dl; intraassay and inter-
assay coefficients of variation were 5 and 10%, respectively.

Data analysis. Stereological methods were used to quantify the number
of Fos-IR in the PVH. These analyses were performed using a computer-
assisted morphometry system consisting of a photomicroscope equipped

Figure2.
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Rostrocaudal extent of mPFC lesion placements. Reconstructions of dorsal (blue) and ventral (red) excitotoxin lesions
throughout the bulk of their rostrocaudal extent in mPFC. In each column, solid areas of color represent areas of damage common
to all members of each group, and color outlines represent the extent of individual lesions. Dorsal lesions target primarily the PL,
with consistent involvement of ventral ACd, whereas ventral lesions are focused in IL, with variable spread into ventral PL. Atlas
plates are adapted from Swanson (1992); their distance in millimeters relative to bregma is indicated. AP, Anteroposterior; ACv,
anterior cingulate cortex, ventral subdivision.

with an XYZ computer-controlled motorized stage, MicroFire camera
(Optronics, Goleta, CA), Gateway microcomputer, and the Stereolnves-
tigator morphometry and stereology software (MicroBrightField, Will-
iston, VT). Anatomical boundaries defining the cell groups of interest
were drawn at 25X using an adjacent series of Nissl-stained sections, and
counts of Fos-immunoreactive cells were made on every fifth section
through the whole PVH at 400X magnification, avoiding cells in the
outermost plane of focus. The number of Fos-immunoreactive cells per
PVH was then multiplied by 5 to estimate the total number of Fos-
activated cells through the entire region. Volume estimates from cross-
sectional area measurements were obtained using the Cavalieri method
to probe for possible treatment effects on PVH volume, but this failed to
reach significance (data not shown).

Semiquantitative densitometric analysis of relative levels of CRF
mRNA was performed on emulsion-coated slides using Macintosh-
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Figure 3.  Effects of mPFClesions on PVH activational responses to acute restraint stress. Top, Bright-field photomicrographs

showing Fos-IR in PVH as a function of treatment status. Relative to sham-lesioned, unstressed controls, restraint stress (30 min)
results in a marked increase in Fos expression in intact animals focused in the PVHmpd (dashed outline) and secondarily in the
autonomic-related dorsal parvicellular (dp) and ventral medial parvicellular (mpv) subdivisions (solid outlines). mPFCd lesions
resultin a frank enhancement of stress-induced Fos in the CRF-rich hypophysiotropic zone (mpd). In contrast, mPFCv lesions show
a mild attenuation of stress-induced Fos-IR in the mpd region but tend to increase responsiveness in preautonomic (dp, mpv)
subdivisions. The low level of stress-induced Fos-IR in the posterior magnocellular subdivision (pm) did not show any marked
variation with lesion status. Scale bar, 100 wm (applies to all). Bottom, Mean == SEM number of Fos-immunoreactive neurons in
PVH in treatment groups. Stress-induced Fos expression in the PVH is reliably enhanced in mPFCd-lesioned animals. The response
of mPFCv-lesioned animals is comparable with that of sham-lesioned animals and still significantly elevated above unstressed
control levels. *p << 0.01, differs significantly from unstressed controls; 'p << 0.05, differs significantly from sham-lesioned
stressed animals; ns, Nonsignificant. n = 5 per group.

driven NIH Image software (version 1.63). The optical densities of hy-
bridization signals were determined under dark-field illumination at
100X magnification. The hypophysiotropic PVH (i.e., dorsal medial par-
vicellular subdivision) was defined from Nissl staining pattern (Swanson
and Kuypers, 1980) and aligned with corresponding dark-field images of

Radley et al. @ Medial Prefrontal Cortical Regulation of Stress

ments to optimize/balance contrast and bright-
ness and then to Canvas (version 8; Deneba Sys-
tems, Miami, FL) for assembly and labeling.

Statistics. Grouped data from the immuno-
peroxidase and hybridization histochemical
analyses were compared with a one-way
ANOVA for lesion (mPFCd, mPFCv, and
sham) and treatment (sham-control and sham-
stress) status, followed by post hoc pairwise
comparisons using Bonferroni’s correction.
Group data from the hormone assays were
compared with a mixed-design ANOVA with
one within-group (time) and one between-
group (lesion status) variable, followed by indi-
vidual pairwise comparisons as above. Data
were expressed as the mean = SEM.

Results

Lesion placements

The placement and extent of mPFC lesions
were evaluated with reference to standard
cytoarchitectonic parcellations of the re-
gion (Krettek and Price, 1977; Vogt and
Peters, 1981). Three fields are of primary
interest (from dorsal-to-ventral): the dor-
sal subdivision of the anterior cingulate
area (ACd), PL, and IL. In Nissl material,
the ACd is characterized by a sparse layer
III and a loosely packed and broad layer V,
distinguishing it from PL, which contains
a more homogeneous layer V with large,
darkly stained cells. IL exhibits a relatively
indistinct lamination pattern and is
marked by an irregular border between
layers I and II.

Representative ibotenic acid lesions to
mPFCd and mPFECv are shown in Figure 1.
Stereotaxic coordinates for each site were
modified in pilot studies to center excito-
toxin injections in PL and IL, respectively,
while minimizing overlap between the two
placements. Targeting was facilitated by
administering smaller volumes of ibotenic
acid at high concentrations (10 ug/ul),
near the limit of solubility for this com-
pound. Dorsal (mPFCd) lesions were cen-
tered in PL and typically spread to involve
rostral portions of ACd and, to a lesser ex-
tent, caudally into the ventral anterior cin-
gulate area, immediately dorsal to the genu
of the corpus callosum (Fig. 2, left). Ros-
tral portions of PL were less extensively
and consistently targeted by mPFCd le-

sions than caudal aspects. mPFCv lesions consistently encom-
passed nearly the entire extent of IL, with variable spread into
ventral PL (Fig. 2, right).

Lesion effects on PVH activational responses to acute

hybridized sections by redirected sampling. Optical density readings,
corrected for background, were taken at regularly spaced (120 wm) in-
tervals, and average values were determined through the extent of this cell
group for each animal. Images from CRF mRNA densitometry were
collected using a Hamamatsu (Bridgewater, NJ) Orca CCD camera un-
der the control of OpenLab software (version 3.1.5; Improvision, Lexing-
ton, MA). Images collected from each analysis were exported first to
Adobe PhotoShop (version 7; Adobe Systems, San Jose, CA) for adjust-

restraint stress

We initially surveyed the effects of mPFC lesions on stress-
induced expression of Fos protein, a generic marker of neuronal
activation, in the PVH of animals killed 2 h after the termination
of a single exposure to restraint stress. The 2 h time point repre-
sents the interval at which maximal Fos induction has been re-
ported in this paradigm (Viau and Sawchenko, 2002). Relative to



Radley et al. @ Medial Prefrontal Cortical Regulation of Stress

EmF’ECv Lesion + Stress

Control —{

sess. | -

rhl‘:"F.Cv Lesion + Stress =

J. Neurosci., December 13,2006 - 26(50):12967-12976 + 12971

which was significantly lower than that of
mPFCd-lesioned rats (p < 0.005) and
comparable with that of sham-lesioned
controls ( p = 0.3). Qualitative assessment
of the distribution of Fos cells as a function
of treatment suggested that mPFCd lesions
resulted in an overt enhancement, and
mPFCv lesions a mild attenuation, of
stress-induced Fos-IR in the PVHmpd re-
gion. The response of mPFCv-lesioned an-
imals was further distinguished by a ten-
dency toward increased responsiveness in
preautonomic cell groups of the PVH.
Material from this same experiment
was prepared for densitometric analysis of
relative levels CRF mRNA expression in
PVH as a function of treatment status, to
obtain an independent assessment of le-
sion effects on an endpoint directly related
to HPA activity (Fig. 4, top). Comparison
of relative optical densities of CRF mRNA
in the PVH revealed an overall significant
effect for treatment (F;,5 = 9.0; p <
0.005). Consistent with the Fos expression
data, restraint stress resulted in a 46% in-
crease in CRF mRNA expression in the
PVHmpd of intact animals compared with
unstressed controls (p < 0.05) (Fig. 4,
bottom). This effect was again reliably en-
hanced in mPFCd-lesioned animals, by

34% relative to sham-lesioned, stressed
rats (p < 0.05). In contrast, the effect of

stress on CRF transcripts in mPFCv-
lesioned animals was equivocal, not dif-
fering significantly from levels seen in
nonstressed controls or intact (sham-

Vaess (L0 s it
swess 7 v i
T T T T T 1
0.10 0.20 0.30 0.40
CRF mRNA expression (optical density)
Figure 4.  Effects of mPFC lesions on acute restraint-induced CRF mRNA expression in the PVH. Top, Dark-field photomicro-

operated) stressed animals (both p val-
ues = 0.3).

It may be noted that the foregoing de-
sign did not include lesioned, nonstressed
control groups, which may be significant

graphs showing CRF mRNA expression in the PVH as a function of treatment condition. Restraint stress results in a marked increase
in CRF mRNA expression in the PYHmpd of intact animals, which was reliably enhanced in mPFCd-lesioned rats. No such enhance-
ment of stress-induced CRF mRNA expression was seen in mPFCv-lesioned animals. Bottom, Relative levels (mean == SEM) of CRF
mRNA expression in the PVH as a function of treatment condition. Stress exposure reliably increases relative levels of CRF mRNA,
and PL lesions significantly enhance this effect. Values from IL-lesioned animals are intermediate between unlesioned stressed
and nonstressed controls, not differing reliably from mean values of either of these groups. *p << 0.05, differs significantly from
unstressed controls; 'p < 0.01, differs significantly from sham-lesioned stressed animals; ns, Nonsignificant. n = 5 per group.

in view of reports of mPFC lesion effects
on basal corticosterone levels (Sullivan
and Gratton, 1999). To address this issue,
we prepared additional groups of
mPFCd-, mPFCv-, and sham-lesioned rats
for analysis of possible lesion effects on

unstressed controls, acute stress resulted in a marked increase in
Fos expression in sham-lesioned animals focused in the CRF-rich
hypophysiotropic zone [dorsal medial parvicellular part (mpd)]
and secondarily in the autonomic-related (dorsal, ventral medial
and lateral parvicellular) subdivisions of the PVH (Fig. 3, top).
Comparison of total numbers of Fos-activated cells in PVH re-
vealed a overall significant effect (F;,5 = 13.5; p < 0.0005).
Individual comparisons revealed that values from stressed groups
(sham, mPFCd, and mPFCv lesion) were significantly greater
than those of unstressed, sham-lesioned controls (Fig. 3, bot-
tom). Moreover, stress-induced Fos expression in the PVH was
reliably enhanced (by 37%) in mPFCd-lesioned animals com-
pared with sham-lesioned animals ( p < 0.05). No such enhance-
ment was observed in the response of mPFCv-lesioned animals,

histochemical endpoints. The analysis

(data not shown) failed to reveal reliable
effects of lesion status on the number of Fos-immunoreactive
neurons in PVH (F(, 4, = 0.5; p = 0.6) or relative levels of CRF
mRNA (F,) = 0.1; p = 0.9).

Lesion effects on stress hormone secretion

HPA secretory responses to 30 min of restraint stress were exam-
ined in separate groups of sham-, mPFCd-, and mPFCv-lesioned
animals (Fig. 5). Lesions in this study were similar in placement
and extent to those described above. Mixed-design ANOVA of
ACTH data, with time of blood sampling treated as a within-
subjects factor, demonstrated main effects of treatment status
(F213) = 4.6; p < 0.05) and time (F 4,3, = 26.5; p < 0.0001), as
well as a significant interaction between these variables (Fg 5, =
5.5; p < 0.0001). Basal ACTH titers did not vary as a function of
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Figure5. Effectsof mPFClesions on pituitary—adrenal responses to acute restraint. Mean =
SEM plasma ACTH (top) and corticosterone (CORT; bottom) levels in sham-, mPFCd-, and
mPFCv-lesioned animals measured before and after a single 30 min restraint session. Top, Stress
exposure significantly increases plasma levels of ACTH in sham-lesioned animals (at 30 min),
and mPFCd lesions produce a marked (2.6-fold) enhancement of this effect. In contrast, plasma
ACTH in mPFCv-lesioned animals is not significantly elevated over pre-stress levels ( p = 0.2).
Bottom, Stress exposure also significantly increases plasma CORT levels in sham-lesioned ani-
mals (at 30 and 60 min). mPFCd lesions result in a prolonged increase in stress-induced plasma
CORT( p < 0.05at 30, 60, and 90 min compared with 0 min), whereas mPFCv-lesioned animals
show a more rapid recovery to pre-stress levels ( p << 0.05 at 30 min only). *p << 0.05, differs
significantly from basal (0 min) values from within each group; 'p << 0.01, differs significantly
from sham-lesioned animals. n = 5 per group.

lesion status. Within-group comparisons revealed that plasma
ACTH levels in the sham lesion group displayed a mild, yet reli-
able, increase that peaked (267 * 84 pg/ml) immediately after the
termination of restraint (30 min, p < 0.01) and was restored to
pre-stress levels by 60 min (p = 0.3). ACTH responses in
mPFCd-lesioned animals displayed a similar time course but
with a markedly elevated peak value (697 * 164 pg/ml) that was
significantly greater than the response of sham-lesioned controls
(p < 0.01). The minor stress-induced rise in ACTH in the
mPFCv-lesioned group did not reach significance (0 vs 30 min,
p =0.2).

Plasma corticosterone levels showed similar main effects of
lesion status (F, 3y = 4.3; p < 0.05), time (F(, 3y = 72.7; p <
0.0001), and their interaction (Fgg,3y = 2.5; p < 0.02). From
similar basal levels, all groups displayed reliable stress-induced
increases in this parameter that achieved comparable mean peak
values (641-792 ng/ml) at the 30 min time point. Lesion status
differentially affected the longevity of the response, with mPFCd-
lesioned animals displaying reliable elevations relative to baseline
values through 90 min compared with 60 min for sham-operated
controls and 30 min for the mPFCv-lesioned group. Corticoste-
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rone titers of the mPFCd group were significantly greater than
those of sham-operated animals at the 60 min time point ( p <
0.01)

mPFCv lesions enhance stress-induced recruitment of PVH
autonomic neurons

The foregoing analyses suggest that mPFCv involvement in
stress-induced HPA output is subtle and opposite in sign to the
pronounced inhibitory influences localized to mPFCd. Previ-
ously noted differences in the topography of restraint-induced
Fos-IR in the PVH as a function of lesion status raises the possi-
bility of more substantial mPFCv involvement in modulating
autonomic-related PVH outputs. To address this possibility di-
rectly, tissue from animals bearing both retrograde tracer (fast
blue) implants into the rostral ventrolateral medulla and appro-
priately placed mPFCd, mPFCyv, or sham lesions and subjected to
30 min restraint (Fig. 6, top) was prepared for dual immunostain-
ing for Fos and tracer immunoreactivities. In each group, dual
labeling indicative of stress-sensitive preautonomic neurons was
localized overwhelmingly to the dorsal, ventral medial, and lat-
eral parvicellular subdivisions of PVH. Counts of double-labeled
cells (Fig. 6, bottom) revealed a significant overall effect of lesion
status (Fp,4) = 25.2; p < 0.0005), with values from mPFCv-
lesioned rats being 90% greater than those of sham-operated con-
trols ( p < 0.001), whereas mPFCd lesions did not result in any
reliable difference in this comparison ( p = 0.69). A variation of
this experiment was performed in which fast blue injections were
placed in upper thoracic spinal cord (T1-T2) to more specifically
label PVH outputs relevant to sympathetic control, in sham- and
mPFCv-lesioned animals. As expected, restraint stress resulted in
a 63% increase in the proportion of retrogradely labeled Fos-
positive neurons in PVH after mPFCyv lesions (t = 2.6; p < 0.05;
data not shown).

Discussion

These results support a regional differentiation of the mPFC with
respect to its capacity to modulate stress-related PVH outputs.
Acute restraint-induced activation of independent measures of
HPA cellular and secretory activity were markedly exaggerated
after lesions of mPFCd and mildly suppressed in mPFCv-
lesioned animals. In contrast, mPFCv ablation selectively en-
hanced the stress-induced recruitment of identified PVH preau-
tonomic neurons. Neither lesion affected basal levels of any
measure used here. Thus, the present findings localize the previ-
ously documented HPA-inhibitory influence of mPFC to its dor-
sal region and indicate that ventral mPFC activates HPA output
while concurrently inhibiting central autonomic outflow
through the PVH.

Although stimulation of the prefrontal cortex was reported to
modulate adrenal corticosteroid output in older literature (Por-
ter, 1954; Hall and Marr, 1975), it was the work of Diorio et al.
(1993) that focused attention on its involvement in stress-
induced HPA responses. This seminal study showed that mPFC
lesions result in augmented HPA secretory responses under emo-
tional stress, whereas intra-mPFC administration of corticoste-
rone attenuated stress-induced HPA activation. Subsequent
work has generally supported an inhibitory involvement of
mPFC in HPA control (Brake et al., 2000; Figueiredo et al., 2003;
Spencer et al., 2005), although with several notable exceptions. A
few reports have described decreased basal, but not stress-
induced, HPA secretory responses in rats bearing extensive
mPFC lesions (Jinks and McGregor, 1997; Sullivan and Gratton,
1999, 2002), whereas another showed that electrolytic lesions in-



Radley et al. @ Medial Prefrontal Cortical Regulation of Stress

% s ma‘_l‘. t

“
-
hFCd I:'Esmw ) P r&mbmmh_—.

J. Neurosci., December 13, 2006 - 26(50):12967-12976 12973

influence on HPA control mechanisms
(excitatory versus inhibitory) and, by in-
ference, the circuitry through which such
influences are effected (Fig. 7).

The mPFCv may be distinguished not
only in the nature of its involvement in
HPA control but also in its unique posi-
tion to modulate autonomic outflow dur-
ing stress. The mPFC has long been impli-
cated in the higher-order regulation of
autonomic function (Spencer, 1894; How-
ell and Austin, 1900; Jackson, 1931), and
more recent evidence supports a privileged
role for IL in this regard (for review, see
Neafsey, 1990). The IL projects to brain-
stem cell groups involved in central auto-
nomic control, including the nucleus of
the solitary tract (NTS), the principal cen-
tral terminus of interoceptive inputs car-
ried by the vagus and glossopharyngeal
nerves (Saper, 1982; Terreberry and Neaf-
sey, 1987). The present findings suggest
that the preautonomic compartment of
the PVH is also subject to mPFCv influ-
ences, albeit probably not directly (see be-
low). Long descending projections of the
PVH innervate directly the principal sen-

MPFCA-Xp 77777777
e e e R
mPFCv-X 7, 777777777 777 77777
+ Stress YL 70—
T T T T T T T T . .
0 100 200 300 400 500

No. activated (Fos) preautonomic (Fast Blue) neurons in PVH

Figure6.  Acuterestraint stressincreases activation of preautonomic PVH after mPFCv lesions. Top left, Dark-field/fluorescence
photomicrograph showing a fast blue tracer deposit in ventrolateral medulla. Tracer deposits were aimed at the descending PVH
pathway to both the dorsal vagal complex and spinal cord, to maximally label preautonomic neuronsin the PVH. 10, Inferior olive;
SpV, spinal trigeminal nucleus. Topright, Bright-field photomicrograph showing stress-induced Fos-IR (black nuclei) and fast blue
labeling (brown cytoplasm) in PVH. Retrogradely labeled cells are concentrated in aspects of the PVH (dp, Ip) distinct from the
principal seat of hypophysiotropic neurons in the PVHmpd. dp, Dorsal posterior subdivision; Ip, lateral subdivision. Middle,
Bright-field photomicrographs showing examples (arrows) of double-labeling for Fos and fast blue in the dorsal parvicellular PYH
inthe three stressed groups; note the greater number of doubly labeled neuronsin the stressed, mPFCv-lesioned example, relative
to the sham-operated and mPFCd-lesioned conditions. Scale bar (applies to all three): top right, 0.5 mm; top left, 100 um; middle,
25 m (applies to all three). Bottom, Mean == SEM number of double-labeled neurons as a function of treatment condition.
mPFCv, but not mPFCd, lesions result in a significant increase in the number of stress-responsive preautonomic neurons in the

PVH. Tp << 0.01, differs significantly from sham-lesioned stressed animals. n = 4 per group.

volving PL and IL augmented the response to physiological but
not emotional stressors (Crane et al., 2003). Despite providing
limited details of lesion placement and extent, these studies of-
fered some basis for inferring a dorsoventral distinction in mPFC
control, as was observed in the present study.

Our findings localize the HPA-inhibitory influences during
acute emotional stress to the mPFCd, specifically including the
caudal two-thirds of PL and ventral ACd, at least. Although dis-
crepancies in the literature noted above might have suggested a
tonic inhibitory role for mPFCv (principally IL), our data fail to
support this, instead providing evidence for a mild facilitatory
influence during stress, because ventral lesions blunted restraint-
induced enhancements in CRF mRNA and plasma hormone lev-
els. The basis for these disparities is unclear and may include
differences in lesion placement/extent, stressor duration, and
methods used to characterize HPA responsiveness. Based on re-
constructions of lesions that differentially targeted mPFC sub-
fields and convergent findings from independent HPA-related
endpoints, we are confident in our conclusion that mPFC com-
ponents are differentiated with respect to both the nature of their

sory (NTS) and motor nuclei of the vagus
and sympathetic preganglionic cell groups
in thoracolumbar spinal cord (Swanson
and Kuypers, 1980). This population has
been repeatedly implicated in transneuro-
nal tracing studies as a major source of the
central presympathetic innervation of a
host of peripheral tissues (Strack et al.,
1989), as well as a prominent seat of neu-
rons in a position to influence concur-
rently both cardiac and adrenal medullary
activity, which have been considered as
“command” neurons for the fight-or-
flight response (Jansen et al., 1995). Ac-
cordingly, functional studies have linked
this projection to a range of cardiovascu-
lar, renal, and metabolic processes that may be considered as
adaptive responses to acute stress (Elmquist, 2001; Benarroch et
al., 2005; Coote, 2005).

The mPFC is classically defined on the basis of cytoarchitec-
tonics and its inputs from the midline and intralaminar thalamic
nuclei (for review, van Eden et al., 1990). Nonetheless, it engages
in patterns of connectivity that may cut across cytoarchitectonic
boundaries in a manner consistent with the functional heteroge-
neity suggested here. Although the dorsal mPFC (i.e., anterior
cingulate and dorsal PL) has connections predominantly with
sensorimotor and association neocortical regions, the ventral
mPFC (ventral PL and IL) shares more extensive connections
with temporal/limbic association cortices, the amygdala, and hy-
pothalamus (Sesack et al., 1989; Floyd et al., 2001; Heidbreder
and Groenewegen, 2003; Vertes, 2004). Diencephalic mPFC pro-
jections distribute diffusely throughout areas closely adjoining
the PVH but very sparsely within the nucleus, proper (Sesack et
al., 1989; Hurley et al., 1991; Vertes, 2004). These peri-PVH re-
gions are enriched in GABAergic interneurons implicated in the
tonic and phasic inhibitory control of HPA and other PVH re-
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Figure7. Separate pathwaysfrom mPFCmay differentially requlate PVH responses tostress.
Schematic drawing of a sagittal section through basal forebrain highlighting possible circuitry
by which the mPFC may influence stress-related PVH effector mechanisms. The present results
suggest that distinct pathways from the mPFCd and mPFCv may be involved in the differential
regulation of neuroendocrine and autonomic outputs by acute emotional stress. The dashed
line from ACd/PL to GABAergic cell groups indicates that the projection has not been formally
established. ac, Anterior commissure; Ant. Pit., anterior pituitary; BST, bed nucleus of the stria
terminalis; cc, corpus callosum; ot, optic tract; Pre-Auto, preautonomic subdivisions.

sponse systems (Roland and Sawchenko, 1993; Boudaba et al.,
1996). Although direct evidence to define such circuitry (Fig. 7) is
lacking, the idea that local GABAergic neurons provide a relay
through which mPFC influences are exerted on the stress axes
(Roland and Sawchenko, 1993; Herman et al., 2003, 2005) is
consistent with evidence that extrinsic mPFC projections are
overwhelmingly excitatory (glutamatergic) (Ottersen et al.,
1995), although its influence on HPA activation is predominantly
inhibitory (Diorio et al., 1993; Brake et al., 2000; Figueiredo et al.,
2003; Spencer et al., 2005). It should also be noted that evidence
has been provided for a facilitatory influence of IL on HPA out-
put mediated via the bed nucleus of the stria terminalis (Crane et
al., 2003; Choi et al., 2004), which may be germane to the atten-
uated HPA response profile we observe after mPFCv lesions.
Emotional stressors are commonly viewed as comprising
stimuli that target one or more exteroceptive sensory modalities
and involve distinct cognitive (i.e., comparison with past experi-
ence) and affective components. Stressors of this type activate a
seemingly stereotyped set of highly interconnected cell groups in
the limbic forebrain, including aspects of the septum, amygdala,
bed nucleus, hippocampus, and mPFC (Cullinan et al., 1995;
Campeau et al., 1997; Li and Sawchenko, 1998; Dayas et al.,
2001). Each of these regions has been implicated in the positive or
negative regulation of the HPA axis via neuronal mechanisms
and/or as targets of glucocorticoid negative feedback (Sapolsky et
al., 1984; Kovacs and Makara, 1988; Herman et al., 2003, 2005).
Relative to current formulations of the role of mPFC in central
stress circuitry, the present findings are consistent with the idea
that the dominant connections of dorsal and ventral mPFC are
with other regions associated with stress inhibition and facilita-
tion, respectively (Herman et al., 2003, 2005), at least insofar as
the HPA axis is concerned. However, the fact that the nature of
mPFCd/mPFCv involvement in autonomic control does not ad-
here to this scheme may indicate that the mPFC modulation of
the neuroendocrine and autonomic arms of the stress response
occurs in a patterned and regionally differentiated manner. In-
deed, behavioral studies that have endeavored to parse the roles
of dorsal versus ventral mPFC generally support an involvement
of both regions in given cognitive or affective functions but in

Radley et al. @ Medial Prefrontal Cortical Regulation of Stress

distinct aspects of them (Morgan and LeDoux, 1995; Heidbreder
and Groenewegen, 2003).

The present findings may hold relevance to understanding
adaptations to chronic stress. For example, the posterior para-
ventricular nucleus of the thalamus (PVTp) has been implicated
as a critical node in circuitry subserving decrements in HPA out-
put (habituation) commonly seen on repeated exposure to the
same stressor, as well as the exaggerated responses to introduc-
tion of a novel challenge (facilitation) (Bhatnagar and Dallman,
1998; Bhatnagar et al., 2002). The PVTp projection to mPFC
targets IL in a highly preferential manner (Moga et al., 1995),
warranting consideration of this region in the adaptive adjust-
ments of the axis to chronic stress. From a pathological perspec-
tive, neuroimaging studies reveal functional impairment and
shrinkage of mPFC in posttraumatic stress disorder (PTSD)
(Rauch etal., 2003; Shin et al., 2005) that find a parallel in reports
of dendritic atrophy and synapse loss after chronic emotional
stress in rodents (Cook and Wellman, 2004; Radley et al., 2004,
2006). PTSD is associated with HPA axis dysregulation that may
be variable in nature (for review, see Newport and Nemeroff,
2000; Yehuda, 2001) and consistent increases in cardiovascular
reactivity (Peri et al., 2000; Shalev et al., 2000). In these contexts,
and even in Fos-based studies of activational profiles elicited by
various stress paradigms, the mPFC has tended to be treated as a
unitary structure. The present findings, along with recent indica-
tions of IL-PL differences in sensitivity to emotional stressors
(Izquierdo et al., 2006), suggest that finer grained analyses of
mPFC should foster clarification of functional circuits underly-
ing stress adaptation and their involvement in affective disorders.
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