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Sequence of Stress-Induced Alterations in Indices of Synaptic and
Transcriptional Activation in Parvocellular Neurosecretory Neurons
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Immediate-early genes ([EGs) are widely used to mark endo-
crine hypothalamic neurons that are activated in response to
stress, yet their relationship to the transcriptional control of
relevant effector molecule expression is unclear. Acute ether
stress provokes increased adrenocorticotropic hormone
(ACTH) and corticosterone secretion that peaks at 5 and 30
min, respectively, after the challenge. Using probes comple-
mentary to intronic sequences of genes encoding ACTH secre-
tagogues in parvocellular neurosecretory neurons of the para-
ventricular nucleus, we found these events to be accompanied
by rapid and transient increases in corticotropin-releasing fac-
tor heteronuclear RNA (CRF hnRNA; peak at 5 min) and by a
delayed upregulation of arginine vasopressin (AVP) hnRNA (120
min). To identify candidate mechanisms regulating peptide ex-
pression, we followed the timing of ether effects on represen-
tatives of three transcription factor classes: IEGs [c-fos and

nerve growth factor I-B (NGFI-B)], a POU-domain factor (Brn-2),
and the cAMP response element-binding protein (CREB), using
antisera specific to its transcriptionally active, phosphorylated
form (pCREB). After ether exposure, c-fos and NGFI-B mRNA
induction were maximal at 30-60 min, whereas Fos protein
peaked at 60-120 min. Brn-2 mRNA was expressed constitu-
tively in the PVH and was unresponsive to stress. By contrast,
pCREB was induced in parvocellular neurons with a time
course parallel to that of CRF hnRNA expression. Stress-in-
duced transcriptional activation of the CRF and AVP genes in
hypophysiotropic neurons follows distinct time courses that are
compatible with control mechanisms involving phosphorylation
events and de novo protein synthesis, respectively.
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Parvocellular neurosecretory neurons that govern stress-induced
adrenocorticotropic hormone (ACTH) secretion are localized
discretely in the paraventricular hypothalamic nucleus (PVH)
(Antoni, 1986). This cell cluster can express multiple bioactive
peptides (Sawchenko et al., 1993b), several of which act as ACTH
secretagogues. Foremost among these are corticotropin-releasing
factor (CRF), which is required for pituitary-adrenal activation
(Rivier et al., 1982) and imparts stimulatory tone on the axis, and
arginine vasopressin (AVP), which potentiates CRF actions on
corticotropes (Rivier et al., 1983), and is generally believed to be
the most dominant of the cosecretagogues that determine situa-
tion-specific drive (Plotsky, 1991). Basal levels of AVP expression
in hypophysiotropic neurons are low, but are upregulated in
CRF-expressing cells by stress (Lightman and Young, 1988; De-
Goeij et al., 1991; Sawchenko et al., 1993a; Herman, in press) or
steroid withdrawal (Kiss et al., 1984; Sawchenko et al., 1984;
Swanson and Simmons, 1989). Parvocellular neurons are not
necessarily the only source of AVP in portal plasma (Antoni et al,,
1990); nearby magnocellular neurosecretory elements may con-
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tribute through mechanisms that are incompletely understood
(Holmes et al., 1986, Buma and Nieuwenhuys, 1987).

Much of the recent progress in identifying the individual
hypothalamic effector neurons and extended circuitries that un-
derlie adaptive responses to stress has come from the use of
immediate-early genes (IEGs) as markers of neuronal activation.
Despite the utility of induced IEG expression in providing generic
indices of synaptic and/or transcriptional stimulation (Morgan
and Curran, 1991), their relationship to the control of relevant
effector molecule expression remains uncertain. It is critical,
therefore, to distinguish between inferences drawn from IEG data
as to targeting at the cellular versus molecular levels; the latter is
complicated by the capacity of parvocellular neurosecretory neu-
rons to express differentially multiple neuropeptides in a state-
dependent manner (Sawchenko et al., 1993b).

To identify possible molecular mechanisms regulating the two
main CRFs in vive, we compared the time course of stress-induced
changes in the expression of the primary CRF and AVP tran-
scripts with those of markers for representatives of three tran-
scription factor classes. These included (1) the IEGs c-fos and
nerve growth factor I-B (NGFI-B), which have been validated as
markers of stress-related circuitry (Ceccatelli et al., 1989; Chan et
al,, 1993; Hoffman et al., 1993), but whose relationship to tran-
scriptional control mechanisms is uncertain, (2) a member of the
POU-domain family of tissue-specific developmental regulators,
Brn-2, which is expressed in the PVH of adult animals (He et al.,
1989), and (3) the transcriptionally active, phosphorylated form of
the cAMP response element-binding protein (pCREB) (Gonzalez
and Montminy, 1989). Functional binding sites for both Brn-2 and
CREB have been identified on the CRF promoter (Seasholtz et
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al., 1988; Li et al., 1993). Exposure to ether vapor was chosen as
a stress model, despite obvious difficulties in relating it to other
paradigms and everyday life, because it is time-honored as a
potent activator of ACTH and corticosterone secrction (e.g.,
Rivier et al., 1973), because these effects depend on afferent input
to the PVH (e.g., Bruhn et al., 1984; Kovics and Makara, 1990),
because the brevity of exposure required to activate the axis
facilitates detection and interpretation of rapid cellular responses,
and because pilot studies suggested that ether targets the parvo-
cellular compartment of the PVH more discretely than other
stress models we have examined.

This work has been presented in abstract form (Kovacs and
Sawchenko, 1994).

MATERIALS AND METHODS

Animals. Adult male Sprague-Dawley rats, weighing 225-275 gm, were
used in all experiments. The animals were housed in a colony room under
controlled temperature and humidity conditions, with lights on between
6:00 AM. and 6:00 P.M.,, with food and water freely available. Experi-
mental protocols were approved by the Institutional Animal Care and
Use Committee of the Salk Institute.

Blood sampling and hormone assays. Hormone measures were carried
out in a separate group of rats implanted 2 d earlier with jugular venous
catheters under pentobarbital anesthesia. These were fashioned from
PE-50 tubing with Silastic (Dow Corning, Corning, NY) tips that termi-
nated near the atrium and were exteriorized in an interscapular position.
On the day of testing, cannulae were opened, flushed with sterile heparin,
and attached to a heparin-saline-filled extension tubing equipped with a
swivel to allow the animals to move freely. The rats then remained
undisturbed for 3.5-4 hr. Blood samples were collected immediately
before and then at 5, 15, 30, 60, 120, and 240 min after 5 min exposure to
ether vapor. Blood was collected onto prechilled tubes containing 2 ul of
20% EDTA, centrifuged, and plasma-stored at —20°C until assay. Plasma
ACTH was measured by direct radioimmunoassay (Kovécs and Makara,
1988), using a rabbit antiserum (code 8514) that recognizes the midpor-
tion of human ACTH'™’, Intra- and interassay coefficients of variation
were 4.7 and 7.0%, respectively. Plasma corticosterone was measured
without extraction, using an antiserum raised in rabbits against a corti-
costerone-carboxylmethyloxime-BSA conjugate and '*I-labeled cortico-
sierone-carboxymethyloxime-tyrosine-methylester as a tracer. Interfer-
ence by plasma transcortin was eliminated by treatment at low pH. The
sensitivity of the assay was 0.1 pmol/tube; intra- and interassay coefficients
of variation were 6.4 and 23.8%, respectively.

Either stress. Animals were housed singly and adapted to handling for 2
d before treatment to minimize nonspecific effects at the time of the
challenge. Ether stress involved simply placing the rats into a glass
chamber saturated with ether vapor., As animals became anesthetized,
they were removed from the chamber and exposure was maintained for a
total of 5 min using a nose cone containing ether-soaked cotton. After
this, the rats were returned to their home cages where they remained
undisturbed until perfusion 0 (control), 5, 15, 30, 60, 120, 180, or 240 min
later. Animals were exposed to stress in subgroups in which at least one
animal was killed at each time point.

Perfusion and tissue processing. Animals were perfused under chloral
hydrate anesthesia (35 mg/kg, i.p.) via the ascending aorta with saline
followed by 500 ml of ice-cold 4% p-formaldehyde in 0.1 M borate buffer,
pH 9.5, delivered over 20 min. For pCREB immunocytochemistry, the
rats were cannulated 2 d before stress and were anesthetized for perfu-
sion under stress-free conditions by intravenous administration of anes-
thetic. The brains were post-fixed in 4% p-formaldehyde with 10%
sucrose for 3 hr, then stored overnight in PBS with 10% sucrose at 4°C.
Five 1-in-5 series of 30-um-thick frozen sections through the hypothala-
mus were cut on a sliding microtome and collected into cryoprotectant, in
which they were stored at —20°C until use.

Immunohistochemistry. Fos-immunoreactivity (-ir) was localized using
antisera raised in rabbits against a synthetic N-terminal fragment (resi-
dues 4-17) of human Fos (Oncogene Sciences, Foster City, CA). Specific
staining was abolished by preadsorbing the antiserum overnight at 4°C
with 50 uMm of the synthetic peptide immunogen, Affinity-purified antisera
raised in rabbit against both the native (unphosphorylated) and phos-
phorylated forms of pCREB were provided courtesy of Dr. Marc Mont-
miny (The Salk Institute). These were raised against synthetic peptides
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corresponding to residues 136150 (native CREB) or a phosphorylated
peptide (CREB!#*'*!) spanning the protein kinase A phosphoacceptor
site at Ser'®® (Hagiwara et al., 1993). Immunoblot analyses of nuclear
extracts from hypothalamus have shown both that purified antisera label
a single band of the expected size and that only the pCREB antiserum
discriminates unphosphorylated from protein kinase A-phosphorylated
CREB (Hagiwara et al., 1993). Staining with the native CREB antiserum
was eliminated by overnight preincubation at 4°C with 60 uM homologous
synthetic peptide, whereas that yielded by the anti-pCREB serum per-
sisted after incubation with unphosphorylated CREB'#-'%! in the low
millimolar range. All primary antisera were applied at a 1:1000 dilution
and localized using a conventional avidin-biotin immunoperoxidase pro-
tocol (Sawchenko et al, 1990) and Vectastain Elite reagents (Vector
Laboratories, Burlingame, CA). In addition to anesthetization through
intravenous lines to minimize the impact of handling and injection,
empirically determined modifications incorporated to optimize staining
for pCREB included substitution of 3% BSA for 2% goat serum as a
blocking agent, addition of the phosphatase inhibitors (1 mm sodium
vanadate and 25 mM sodium fluoride) to the perfusates and primary
antiserum solutions, and carrying out incubations in primary antiserum in
the presence of 1 mM unphosphorylated synthetic CREB**#~*! to mini-
mize nonspecific cross-reactivity.

Hybridization histochemistry. Antisense and sense (control) cRNA
probes labeled with [*3S]uridine triphospate (DuPont NEN, Boston, MA)
were used throughout. An AVP hnRNA probe was transcribed from a
700 bp PVUII fragment of intron I of the rat vasopressin gene subcloned
into pGEM3 (generously provided by Dr. T. Sherman, University of
Pittsburgh). The plasmid was linearized by HindIII and used as a tem-
plate for in vitro transcription using T7 RNA polymerase. Probes com-
plementary to the single intron of the CRF gene were synthesized from a
500 bp PVUII digest of a rat genomic CRF clone, subcloned into pBlue-
script transcription vector (Dr. A. Ericsson, The Salk Institute). The
identity of the insert was confirmed by partial (~250 bp) DNA sequence
analysis using a commercial kit (Sequenase, United States Biochemicals,
Cleveland, OH). The plasmid was linearized by BamHI and labeled
probes synthesized using T3 polymerase. Full length probes for CRF
mRNA (1.2 kb; Dr. K. Mayo, Northwestern University), c-fos mRNA (2.0
kb; Dr. T. Curran, The Roche Institute), NGFI-B mRNA (2.4 kb; Dr. J.
Milbrandt, Washington University), and Brn-2 mRNA (1.9 kb; Drs. P. Li
and M. G. Rosenfeld, University of California, San Diego) were synthe-
sized as described previously (Chan et al., 1993; Li et al,, 1993). All
restriction enzymes and RNA polymerases were purchased from Pro-
mega (Madison, WI). Free nucleotides were removed by G-50 Sephadex
Quick-Spin columns (Boehringer Mannheim, Indianapolis, IN). The spe-
cific activities of probes used for analysis were on the order of 1-3 X 10°
dpm/ug. In no instance did sense-strand runoffs labeled to similar specific
activities yield clear positive hybridization signals in the PVH.

Hybridization and autoradiographic techniques were modified follow-
ing Simmons et al. (1989). Tissue sections were mounted onto
poly-L-lysine-coated slides, post-fixed with 4% p-formaldehyde for 30
min, then digested with Proteinase K (10 pg/ml in 50 mm Tris, pH 8, and
5 mM EDTA at 37°C, 30 min), acetylated (0.25% acetic anhydride in 0.1
M triethanolamine, pH 8), and dehydrated. Hybridization mixture (100
wl; containing probe 107 dpm/ml) was pipetted onto the slides, which
were then coverslipped, sealed, and incubated overnight at 56°C. Cover-
slips were removed, and sections were rinsed in 4X SSC (1x SSC, 0.15 M
NaCl and 15 mM trisodium citrate buffer), then digested with ribonucle-
ase A (20 pg/ml in Tris-EDTA buffer with 0.5 M NaCl at 37°C, 30 min),
gradually desalted, and washed in 0.1X SSC at 65-75°C for 30 min. Slides
were exposed to x-ray film for 24-48 hr, then dipped in NBT2 nuclear
emulsion (Kodak) and exposed for intervals ranging from 8 to 10 d (CRF
and c-fos mRNAs and AVP hnRNA) to 6 weeks (CRF hnRNA), devel-
oped in D-19 developer (Kodak, Rochester, NY), and lightly counter-
stained with thionine.

Combined immunohistochemistry and hybridization histochemistry. To
determine the extent to which the multiple markers used here identified
a common population of neurons in the parvocellular division of
the PVH, concurrent localization of pCREB- or Fos-ir with CRF or
AVP hnRNA, or cfos mRNA was carried out using a variant (Chan
et al., 1993) of a procedure described by Watts and Swanson (1989). In
brief, immunolocalization of Fos- or pCREB-ir was carried out as de-
scribed above, except that the tissue was not pretreated in borohydride
or hydrogen peroxide. In addition, the primary antibody reaction was
performed in buffer with 3% BSA as a blocking agent (in place of
nonimmune goat serum) and 2.5 mg/ml heparin sulfate (to inhibit
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RNase activity), and the reaction product was developed without nickel
enhancement. Subsequent localization of a select RNA species by in situ
hybridization was then carried out as described above.

Analysis. Semiquantitative densitometric analysis of relative levels of
RNAs of interest was carried out on nuclear emulsion-coated slides. The
basic procedure involved preparation of brain paste standards containing
serial dilutions of [*>SJUTP, which were sectioned in a cryostat at the
same thickness as the experimental material, collected on slides, and fixed
with p-formaldehyde in the vapor phase at 60°C. Unfixed sections adja-
cent to these were counted in a liquid scintillation counter. A standard
curve was generated by selecting the curve of best fit that related the
optical density of the brain paste standards to the amount of radioactivity
per unit area of the standard. Densitometric analysis of autoradiographic
images was carried out using Macintosh-driven National Institutes of
Health Image software (version 1.55). Slides were coded for analysis to
obscure treatment status. The medial parvocellular subdivision of the
PVH (Swanson and Kuypers, 1980) was defined from Nissl staining
patterns and aligned with corresponding dark-field images of hybridized
sections by redirected sampling. Optical density readings, corrected for
background, were taken at regularly spaced (100 pm) intervals, and
average values were determined throughout the extent of this cell group
(3-5 sections) for each animal. Relative levels of CRF hnRNA and
mRNA, and of AVP hnRNA, thus were compared as a function of time
after stress.

Because densitometric measures of AVP hnRNA in the medial parvo-
cellular part of the PVH are complicated by the presence of scattered
magnocellular neurosecretory neurons in this region that express high
levels of AVP hnRNA and mRNA under basal conditions (see
Sawchenko et al., 1993; Herman, in press), and because this has impli-
cations for comparing the time courses of CRF and AVP transcriptional
activation in response to stress, a second approach to quantitation was
used. This involved simply counting the number of nuclei in the medial
parvocellular part of the PVH overlaid by clusters of reduced silver
grains, the density of which was >5 times that of background, as deter-
mined by counting grains over non-CRF- or non-AVP-expressing hypo-
thalamic cells (dorsomedial nucleus) of comparable size and packing
density. Abercrombie’s (1946) method was used to correct for double-
counting errors.

Data from all measures are expressed as mean = SEM and were
analyzed by one-way ANOVA (Instat software, Waltham, MA) and
Dunn’s post-hoc test for multiple pairwise comparisons.

RESULTS

Hormone secretion

To provide comparisons for the timing of effects exerted at a
cellular level in neurosecretory neurons, hormonal response pro-

ous time points after S min exposure to
ether vapor (n = 5). *p <0.05; **p < 0.01 vs
nonstimulated (0 min) values.

files were obtained in a separate group of five cannulated rats.
After acute, 5 min exposure to ether vapor, plasma ACTH con-
centrations increased rapidly from baseline values of 12 * Sto a
peak of 400 = 88 pm within 5 min, then declined to resting levels
between 30 and 60 min (Fig. 1). Plasma corticosterone levels rose
more gradually to reach a maximum at 30 min after stress (>500
nM) and by 60 min did not differ significantly from basal levels (24
+ 7 nM). A group of nonstressed rats examined in parallel dis-
played ACTH and corticosterone levels that remained within the
range of baseline values throughout the 2 hr blood-sampling
period (data not shown).

Neuroendocrine hnRNA and mRNA responses
Intron-specific cRNA probes were used to assess stress-induced
changes in the transcriptional activation of the CRF and AVP
genes. These probes hybridize to sequences in heteronuclear
RNA before processing to mRNA and, therefore, provide an
index of transcriptional activation (Herman et al., 1991, 1992).
Under resting conditions, CRF hnRNA expression is Jow, and
only a few neurons of the parvocellular PVH displayed a weak
nuclear hybridization signal (Fig. 2). Ether exposure provoked
a marked and surprisingly rapid increase in CRF hnRNA that
peaked at 5 min after stress, the time of the maximal ACTH
secretory response. This response was diminished in animals
killed at 30 min and was not evident in those examined at 1-4
hr after exposure (Figs. 2, 3). Throughout the time course
examined, cells in the PVH that exhibited a CRF hnRNA signal
remained overwhelmingly localized to the hypophysiotropic
(dorsal medial parvocellular) compartment. Because of con-
cerns as to whether the low basal level of expression biased the
view provided by densitometric assessments of the population’s
responses, counts were generated of the number of neurons
evincing a positive nuclear hybridization signal in the medial
parvocellular part of the PVH as a function of time after stress
(Table 1). These provided a similar view of the timing of ether
effects on CRF hnRNA, with a maximal 4.7-fold increase in the
number of cells detectable at 5 min after stress, diminishing to
values that were no longer significantly elevated above controls
by 2 hr after the challenge.
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Figure 2.
intron-specific cCRNA probe at key poststress time points. A similar rostro-caudal level of the PVIH is shown in all photomicrographs; the third ventricle
is at the left. Expression of CRF hnRNA is maximal at 5 min after stress and is limited mostly to the medial parvocellular (mp) subdivision of the PVH
throughout the time course examined. Positively hybridized cells were rare in the posterior magnocellular (pm) part of the PVH at all time points. All
photomicrographs 75X magnification.

Despite robust increases in the relative levels of, and number of
cells expressing, CRF hnRNA, densitometric assessments of CRF
mRNA revealed no significant elevation over control levels at any
poststress time point examined (p > 0.10; Fig. 3).

In contrast to the situation with the primary CRF transcript,
basal expression of AVP hnRNA was evident in major acknowl-
edged sites of AVP synthesis in the hypothalamus, including
magnocellular neurosecretory neurons of the PVH and supraoptic
nucleus, as well as in the suprachiasmatic nucleus. Nonstressed
rats did not display a discernible AVP hnRNA signal in the
parvocellular subdivision of the PVN, over and above what could
be attributed to ectopic magnocellular neurosecretory neurons
that are reliably scattered throughout this compartment (Fig. 4).
Densitometric analysis indicated that ether stress-induced
changes in AVP hnRNA expression are slower in onset than those
in the primary CRF transcript. Reliable increases in the AVP
intronic signal over the parvocellular PVH were detected at 1 hr
after ether exposure, were maximal at 2 hr, and were not signifi-
cantly elevated above those of nonmanipulated controls at 4 hr
after stress (Figs. 3, 4). Parallel assessments of the number of cells
in the hypophysiotropic (medial parvocellular) part of the PVH
displaying positive signals for the nascent AVP transcript were
fully compatible with the population responses, with peak values
achieving 3.2 times the number of cells detected in controls at 2 hr
after stress (Table 1). By contrast, no significant changes were
found in the levels of hybridizable AVP hnRNA over the magno-
cellular division of the PVH throughout the 4 hr poststress period
(data not shown).

Time course of CRF hnRNA responses to cther. Dark-field autoradiograms showing nuclear hybridization signal obtained using an

Transcription factor responses

The TEGs c-fos and NGFI-B have been used widely as inducible
markers of cellular activation in stress-related neural circuitry
within and beyond the endocrine hypothalamus. The course of
their ether-induced appearance in the PVH was similar to that
seen in response to other acute stressors, although it was some-
what accelerated (Fig. 5). From baseline levels within the PVH
that ranged from undetectable to weak labeling of a few scattered
cells, c-fos mRNA induction first appeared at 15 min after stress
in the parvocellular division of the nucleus. The hybridization
signal reached its maximum in most cases at 30 min, was dimin-
ished by 1 hr, and was consistently not discriminable from controls
at 2-4 hr after stress. The c-fos protein product, Fos, was localized
by immunohistochemistry using an N-terminally directed anti-
serum that is not known to cross-react with Fos-related antigens.
Compatible with the mRNA results, ether stress induced nuclear
Fos-ir in the parvocellular neurosecretory compartment of the
PVH in a highly preferential manner, with maximal staining
intensity and cell number seen at 1 hr or, less frequently, 2 hr after
stress in different cohorts of animals. In all repetitions of the
experiment, Fos-ir labeling in the PVH of animals killed at 4 hr
was not distinguishable from that seen in controls. For purposes of
comparison with other stress models, extrahypothalamic loci of
ether-induced Fos expression were numerous, although not pro-
miscuously so. These included aspects of the main olfactory bulb
and piriform cortex, components of the limbic region of the
telencephalon such as the lateral septal nuclei, bed nucleus of stria
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Figure 3. Relative levels of CRF and AVP hnRNA (top) and CRF mRNA (bottom) at select intervals after S min exposure to ether. Values are based
on densitometric determinations and are given as mean = SEM percentage of control values (n = 3-8 rats/time point). Data points lacking error bars
reflect means with SEMs that are less than the value represented by the height of symbol used to depict them. *p < 0.05; **p < 0.01 vs nonstressed

controls.

terminalis, central and medial nuclei of the amygdala, cingulate,
pre- and infralimbic cortices, several midline and intralaminar
nuclei of the thalamus, periaqueductal gray, nucleus of the solitary
tract, ventrolateral medulla, and locus coeruleus.

As reported previously (Chan et al., 1993), constitutive expres-
sion of NGFI-B mRNA was evident throughout broad expanses of

the telencephalon (including iso- and hippocampal cortices and
the caudoputamen), but not in the PVH under resting conditions
(Fig. 5). No alterations in NGFI-B at the earliest (5 min) time
point were seen in any experiment, but expression increased
thereafter to reach peak levels between 30 min and 1 hr after
ether exposure, once again being localized principally to the

Table 1, Mean (£SEM) number of positively hybridized cells in the medial parvocellular part of the PVH at varying intervals after exposure to

ether stress

Time after stress

Probe (n) Control 5 min 15 min 30 min 1hr 2 hr 4 hr
CRF hnRNA 120 = 11 (4) 568 + 44* (6) 483 +35%% (3) 240 £21**(4) 179 = 29% (5) 78 = 22 (4) 111 % 19 (4)
AVP hnRNA 162 = 27 (4) 147 = 17(4) 207 = 21 (3) 186 = 13 (3) 392 = 30%*(5) 523 =38**(5) 210 %= 36(4)

Differs significantly from respective control values: *p < 0.05; ** p < 0.01.
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Figure 4.

CRF-rich zone of the parvocellular division of the PVH. The
NGFI-B mRNA response was diminished markedly by 2 hr and
was not evident in animals killed at 4 hr after the challenge.

mRNA encoding the POU-domain factor Brn-2 was found to
be constitutively expressed throughout both the parvocellular and
magnocellular neurosecretory compartments of the PVH (Fig. 6),
as well as in the supraoptic nucleus; these were the only hypotha-
lamic loci of Brn-2 mRNA expression that were detectable under
basal or stimulated conditions. Nevertheless, neither apparent nor
measured effects on Brn-2 mRNA were evident at any time point
examined after ether stress (p = 0.10).

CREB has been implicated in the transcriptional regulation
of the immediate-early gene c-fos and of both the CRF and
AVP genes (see Discussion). Immunohistochemical localiza-
tion studies were used to identify and follow any stress-induced
alterations in the abundance of native (unphosphorylated)
CREB and pCREB. Native CREB was found to be expressed
constitutively in ostensibly all neuronal nuclei in the PVH and,
indeed, throughout all brain regions examined (Fig. 7); expo-
sure to ether resulted in no obvious or consistent changes in the
number or staining intensity of CREB-ir neurons or in the
compartmental localization of reaction product. Affinity-puri-
fied antisera specifically recognizing the Ser'**-phosphorylated
form of CREB revealed a much lesser and much less ubiquitous
basal expression of pCREB that responded dynamically to an
ether challenge (Fig. 7). Nonstressed rats displayed a weak
pCREB signal in a number of telencephalic structures (includ-
ing aspects of the neocortex, hippocampal formation, and basal

Time course of AVP hnRNA responses to ether. Dark-field autoradiograms showing nuclear hybridization signal obtained using a cRNA probe
specific to the first intron of the AVP gene at key poststress time points. Basal levels of expression are significant in the magnocellular division of the PVH
(pm) and in scattered cells of the parvocellular division (/mp) that correspond presumably to ectopic magnocellular neurosecretory neurons. In response
to ether, a reliable increase in the number of positively hybridized cells in the parvocellular division is apparent at 1 hr, and is maximal at 2 hr, after stress.
No frank alteration in the strength or distribution of hybridization signal over the magnocellular division is apparent over the time points sampled. All
photomicrographs 75> magnification.

ganglia), as well as some diencephalic ones, The latter included
midline thalamic nuclei and the magnocellular, but not the
parvocellular, division of the PVH. Reliable induction of
pCREB-ir was detected within the parvocellular division of the
PVH at 5 min after ether exposure. Nuclear staining in animals
killed at this early time point was weak but involved numerous
cells within the division. Animals killed at 15 min poststress
displayed a maximally intense pCREB-ir signal by neurons of
the parvocellular PVH, without any further apparent increase
in the number of positively stained nuclei. This response di-
minished progressively (in both staining intensity and cell num-
ber) at 30 min and 1 hr after stress and was not detectable from
2 hr onward. No ether-induced alterations in the number or
staining intensity of pCREB-ir cells in the magnocellular neu-
rosecretory system were apparent at any time point after stress.
Extrahypothalamically, several cortical structures, particularly
the piriform and anterior cingulate cortices, displayed compa-
rably transient increases in the number and staining intensity of
pCREB-ir neurons after stress.

To determine the extent to which the populations of cells
within the parvocellular division of the PVH that manifest ether-
induced pCREB- or Fos-ir responses conformed to CRF- and/or
AVP-expressing parvocellular neurons, or to one another, series
of sections through the PVH from animals killed at appropriate
time points were prepared for concurrent immunohistochemical
and hybridization histochemical localization (Fig. 8). Tissue from
animals (n = 3) killed at 5 min after stress revealed a maxi-
mum of 72% of all pCREB-ir nuclei in the medial parvocellular
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Fos

Figure 5.

Ether-induced immediate-early gene expression. Photomicrographs taken through a comparable level of the PVH showing the distribution and

relative strength of c-fos (top) and NGFI-B (bottom) mRNA signals, and Fos immunoreactivity (middle) in control animals (left) and in rats killed at either
the time of maximal expression of these markers (Max; middle) or at 4 hr after stress (bottom), the latest time point examined. Maximal IEG mRNA
expression (at 30 or 60 min) and Fos protein expression (at 60 or 120 min) were both preferentially localized to the hypophysiotropic (medial
parvocellular; mp) part of the PVH and included little, if any, involvement of magnocellular neurosecretory neurons in the posterior magnocellular (pm)

subdivision. All photomicrographs 75 magnification.

part of the PVH also overlaid by a positive hybridization signal
for CRF hnRNA; a comparable fraction (78%) of all CRF
hnRNA-positive cells in this compartment exhibited pCREB-ir in
this same experiment. A similar sampling of animals killed at 2 hr
after ether exposure resulted in as much as 63% of all Fos-ir
nuclei decorated with reduced silver grains resulting from hybrid-
ization with the AVP intronic probe. Finally, dual localization of
pCREB-ir and c-fos mRNA in animals killed at 15 min after ether
exposure revealed highly concordant patterns of expression, 83%
of all immunostained neurons displaying a positive hybridization
signal in the best of three experiments.

DISCUSSION

We have provided an overview of the sequence of cellular events
associated with the ether stress-induced activation of the central
limb of the hypothalamic—pituitary—adrenal axis (Fig. 9). Early in
this progression a rapid burst of CRF gene transcription occurs,

evidenced by elevated expression of the cognate primary tran-
script. This was paralleled by phosphorylation of transcription
factor CREB in these very neurons. By contrast, ether-induced
upregulation of AVP hnRNA was delayed, occurring in step with
events that require de nove protein synthesis, including induced
IEG expression. These results constrain the search for mecha-
nisms underlying stress-induced transcriptional activation of
genes encoding major ACTH secretagogues in hypophysiotropic
neurons and address general issues associated with the now per-
vasive use of transcription factors to provide generic indices of
cellular activation in brain.

Biosynthetic responses of hypophysiotropic neurons

Multiple independent markers suggest a preferential activation
of parvocellular neurosecretory neurons of the PVH after ether
exposure. This paradigm, therefore, may be useful for explor-
ing the mechanisms governing the synthesis and release of the
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Figure 6.  Absence of acute ether stress effects on Brn-2 mRNA in the PVH. Dark-field autoradiograms show hybridization signal for Brn-2 mRNA at
key poststress time points. This transcript is expressed broadly and consitutively in both the parvocellular and magnocellular compartments of the PVH.
No alterations in the expression of Brn-2 mRNA were evident over the range of poststress time points examined. All photomicrographs 75%
magnification.
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Figure 7. Time course of pCREB responses to stress. Bright-field photomicrographs of sections through a level of the PVH from a control rat stained
with an antiserum against native CREB (top left) and from animals killed at varying intervals after 5 min exposure to ether and stained with an antiserum
specific to the pCREB. CREB antisera ubiquitously stain neuronal nuclei throughout the PVH and elsewhere, whereas under control conditions low levels
of basal pCREB are evident in the posterior magnocellular (pm), but not the medial parvocellular (mp), part of the PVH. Ether exposure results in a rapid
appearance of low level pCREB-ir in the parvocellular division 5 min after stress, which achieves peak intensity at 15 min, and declines thereafter to a
pattern approximating that seen in controls by 2 hr after the challenge. pCREB-ir in the magnocellular division remains relatively constant over the time
course examined. Magnifications, 75x.
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Figure 8. Dual localization of transcription factor markers and/or hnRNAs
in hypophysiotropic neurons. Bright-field photomicrographs of fields in the
medial parvocellular subdivision of the PVH. Top, pCREB-ir nuclei (gray)
and reduced silver grains indicative of CRF hnRNA signal from a rat killed
at 5 min after stress. Middle, Fos-ir nuclei and AVP hnRNA signal from an
animal killed at 2 hr after stress. Botforn, pCREB-ir nuclei and c-fos mRNA
signal from an animal killed at 15 min after stress. In all instances, black
arrows identify examples of cells displaying both markers. Open arrows in the
middle panel show larger clusters of reduced silver grains not associated with
Fos-ir nuclei, which may correspond to nuclei ol ectopic magnocellular
neurosecretory neurons. Note the relatively tight clustering of reduced silver
grains in the hnRNA preparations around neuronal nuclei (fop two panels),
which contrasts with the more distributed (cytoplasmic) pattern of c-fos
mRNA (bottom). All photomicrographs 750X magnification.
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two major synergistically interacting ACTH cosecretagogues,
uncomplicated by any major involvement of the magnocellular
neurosecretory system. Previous work has established that
probes complementary to intronic sequences of the CRF
(Herman et al., 1992) and AVP (Young et al., 1986; Herman et
al., 1991) genes provide assessments compatible with direct
estimates of transcription rate by nuclear run-on assays, thus
validating a means to characterize effects exerted at the tran-
scriptional level in vivo. The limited time course data available
using such probes describe maximal increases of CRF hnRNA
at 30 min after steroid synthesis blockade (Herman et al., 1992)
and of AVP hnRNA in the parvocellular PVH at 30—-60 min in
response to acute restraint stress (Herman, in press). Elevated
AVP hnRNA has been reported in the PVH as late as 120 min
after exposure to an open-field situation (Priou et al., 1993). In
comparing here for the first time CRF and AVP hnRNA
responses of parvocellular neurons to a common challenge, we
detect stark differences in the timing of peak CRF (5 min) and
AVP (120 min) hnRNA responses, as revealed by both popu-
lation densitometry and cell counts. The congruence of cells
evincing hnRNA and/or temporally contiguous transcription
factor responses suggests that these markers identify a common
population of hypophysiotropic neurons. Although the gener-
ality of the temporal profiles we describe is uncertain, the
results support an involvement of distinct mechanisms under-
lying stress effects on CRF and AVP expression and emphasize
the need for time course studies to specify targeted genes and
cell types veridically in a given paradigm.

Despite robust increases in primary CRF and AVP transcripts
in hypophysiotropic neurons, we failed to detect a reliable up-
regulation of CRF mRNA at any time point. Watts (1991) has also
reported a failure of ether exposure to increase CRF mRNA in
the PVH. This could be attributable to technical factors, where
the substantial basal pool of CRF mRNA may limit, by dilution,
the ability to detect subtle increases and/or to concurrent alter-
ations in RNA processing or stability. Little is known of the extent
to which alterations in secretion, axonal transport, transcription,
and post-transcriptional processing events are regulated coordi-
nately versus independently and, consequently, whether changes
in one of these parameters are necessarily predictive of alterations
in others. In light of this uncertainty, it seems reasonable to
conclude only that detectable alterations in CRF and/or AVP
mRNA are a common (for reviews, see Harbuz and Lightman,
1992; Whitnall, 1993), but not a necessary, concomitant to tran-
scriptional activation.

The TEGs NGFI-B and, particularly, c-fos have been shown to
provide reliable markers of hypothalamic neurons and extended
circuitries that are recruited to activation in a variety of acute
stress paradigms (Ceccatelli et al., 1989; Chan et al., 1993; Hoff-
man et al., 1993). Ether-induced IEG mRNA and Fos protein
responses were somewhat accelerated, relative to the peaks at ~1
and ~2 hr, respectively, commonly reported in other acute chal-
lenge situations (Herman et al., 1992; Imaki et al., 1992; Chan et
al., 1993; Ericsson et al., 1994) (see Fig. 9). The stress-induced
appearance of pCREB was more rapid still, appearing within 5
min and peaking at 15 min after ether exposure. Comparably
prompt pCREB responses have been described in the PVH after
hypertonic saline injection (Borsook et al, 1994) and in the
suprachiasmatic nucleus after exposure to light in specific circa-
dian contexts (Ginty et al., 1993).
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Figure 9. Sequence of cellular events in
the ether stress-induced activation of par-
vocellular neurosecretory neurons. Sche-
matic summary, based on the present find-
ings, showing the approximate timing of
various indices of synaptic and/or transcrip-
tional activation in the hypophysiotropic
CRF neuron. The early events include a
rapid and transient generation of the pri-
mary CRF transcript, which proceeds
roughly in step with increased phosphory-
lation of transcription factor CREB. IEG
mRNA and protein responses occur con-
siderably later, with the latter contempora-
neous with maximal stress-induced in-
creases in the AVP hnRNA. Although not
detected in the present experiments, stress-
induced increases in CRF and/or AVP
mRNA are also commonly reported 2-3 hr
after acute exposure.

Intermediate

Relative Response

Control -

Possible mechanisms governing CRF and

AVP expression

The rapidity of ether-induced nuclear expression of nascent CRF
transcripts is incompatible with a primary involvement of any
intervening mechanism dependent on the synthesis of new pro-
tein. By contrast, this effect could be accommodated by modifi-
cation of a resident moiety to a transcriptionally active form, such
as by CREB phosphorylation. CREB is a ubiquitously expressed
nuclear protein that mediates transcriptional effects principally by
binding CREs of responsive genes upon phosphorylation at Ser'*?
(see Armstrong and Montminy, 1993; Lalli and Sassone-Corsi,
1994). Although best characterized as a target of the cAMP/
protein kinase A pathway, CREB may serve also as a substrate for
other signaling systems, including Ca>*/calmodulin-dependent ki-
nases activated in response to membrane depolarization (Sheng et
al., 1990; Ginty et al., 1994) (for reviews, see Lalli and Sassone-
Corsi, 1994; Vallejo, 1994). A wealth of evidence documents the
capacity of cAMP/protein kinase A-dependent mechanisms to
stimulate CRF expression (for review, see Majzoub et al., 1993),
and a CRE required for the response to cAMP and depolarization
has been localized on the CRF promoter (Seasholtz et al., 1988;
Guardiola-Diaz et al., 1994). In line with the present findings,
work in AtT20 cells stably transfected with the human CRF gene
show the transcriptional response to cAMP to proceed indepen-
dent of any requirement for new protein synthesis, leading to
significant CRF hnRNA accumulation within 15 min, the earliest
time point examined (Dorin et al., 1993). Still lacking, however, is
evidence to link CREB obligately to the transcriptional activation
of the CRF gene in vivo or in vitro.

Possible mechanisms underlying the AVP transcriptional re-
sponse are more problematic. The fact that increased AVP
hnRNA was not detectable until 1 hr after stress, and peaked at 2
hr, suggests an involvement of mechanisms distinct from those
governing the CRF response. The 5'-regulatory region of the
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AVP gene contains sequences resembling canonical CRE, amin-
opyridine-1 (AP-1), and NGFI-B response elements, each of
which could play a role in translating stress-related sensory input
into altered AVP expression. Evidence that the AVP promoter
possesses two functional CREs (Pardy et al., 1992), and that
activators of cAMP enhance AVP mRNA levels in vitro (Ver-
beeck et al., 1990), support an involvement of pCREB or ATF
transcription factors. The bases for our observation that elevated
AVP hnRNA is not detectable until nuclear pCREB is in sharp
decline are not clear at this time. Parvocellular neurons of the
PVH are distinguished from other AVP-expressing populations
by their capacity to express in abundance the type 2 glucocorticoid
receptor (GR) (Uht et al., 1988), and evidence implicating CREB
as a target for GR-mediated transcriptional repression (Stauber et
al., 1992) raises the possibility that stress-induced GR activation
limits the capacity of CREB to influence the otherwise CREB-
sensitive AVP transcriptional control apparatus. Although such a
mechanism may play a role in restraining the AVP hnRNA
response, our observations that CREB phosphorylation preceded
a significant rise in plasma corticosterone, and the rapidity of the
CRF transcriptional activation in this same neuronal population,
are consistent with an involvement of additional factors, including
induced IEG products, in the stress-induced rise in AVP hnRNA.
Because the c-fos promoter itself contains a CRE that binds
pCREB and is capable of powerfully stimulating Fos expression
(Sassone-Corsi et al., 1988; Sheng et al., 1990), and evidence to
support a functional dependence of Fos induction on CREB
(Conradi et al., 1994) and of AVP mRNA responses on recent
protein synthesis (Ding et al., 1994), in distinct in vivo settings, it
is possible to envision a pCREB-dependent, IEG-based mecha-
nism in the AVP transcriptional response to stress. In this regard,
evidence for interaction of CREB with AP-1 factors on a non-
CRE of the AVP gene has been provided in vitro (Pardy et al,,
1992). Relevant events may not be limited to ones involving DNA
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binding; demonstrated functional antagonism between AP-1 con-
stituents and the GR via protein—protein interactions (Schule et
al., 1990; Yang-Yen et al., 1990) may be particularly pertinent to
the regulation of AVP expression by stress.

Brn-2 is a member of the POU-domain family of transcription
factors that are important in the developmental specification of
cellular phenotype and lineage (Wenger et al., 1993). It is relevant
in this study in that stress-related neurosecretory neurons are
among the few neuronal types that express Brn-2 into adulthood
(He et al.,, 1989), the CRF promoter contains five distinct itera-
tions of Brn-2-binding sites that are capable of conferring Brn-2
responsivity to a heterologous reporter in cotransfection assays
(Li et al., 1993), and mice bearing targeted null Brn-2 mutations
display a specific loss of neurosecretory CRF, AVP, and oxytocin
neurons (Schoenemann et al., 1995). Despite the importance of
Brn-2 in the genesis and/or survival of these cell types, we failed
to detect ether-induced alterations in Brn-2 mRNA in the PVH.
A comparable lack of responsiveness has been seen after other
acute (hemorrhage, interleukin-1) and chronic (salt-loading) chal-
lenges (our unpublished observations). Although this may argue
against a role for this factor in the acute regulation of neuroen-
docrine peptide expression, it is not known whether DNA binding
and frans-activation by Brn-2 is dependent on post-translational
modification (e.g., phosphorylation). If this proves to be the case,
antisera specific to the active form of the protein would be
required to evaluate the place of Brn-2 in the phenomena con-
sidered here.

Transcription factors as markers of cellular activation

In view of the substantial pool of AVP and/or CRF sequestered in
terminals of parvocellular neurons (Whitnall et al., 1985, 1987),
and the rapidity of their release in acute stress (e.g., Bruhn et al.,
1984), the cellular responses described here seem to be viewed
most aptly as serving to replenish stores of releasable peptide,
thus preparing the animal for subsequent or prolonged chal-
lenges. A limitation on the use of IEGs to mark acutely “activat-
ed” neurons comes from the fact that induced protein synthesis
occurs well after the termination of secretory responses, allowing
counter-regulatory events to contribute to the IEG profile and
complicate its interpretation. That pCREB and CRF hnRNA
responses temporally approximate the stress-induced rise in
plasma ACTH offers some promise in identifying an alternative
set of reagents with which to surmount this limitation. The tem-
poral resolution and potential mechanistic relevance afforded by
pCREB in this system should not be taken as an indictment of the
utility of IEGs as markers for functional mapping; c-fos, in partic-
ular, remains the most thoroughly and generally validated of such
tools.
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