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Abstract
The neuropeptides, arginine vasopressin (AVP) and vasoactive intestinal polypeptide (VIP) are
synthesized by neurons of the suprachiasmatic nucleus (SCN) of the hypothalamus and are important
regulators of SCN function. Previous studies have demonstrated that acute exposure to stressors can
disrupt circadian activity rhythms, suggesting the possibility of stress-related alterations in the
expression of these neuropeptides within SCN neurons. In this study, we examined the effect of
intermittent footshock stress on AVP mRNA and heterogeneous nuclear RNA (hnRNA) and VIP
mRNA expression in neurons of the SCN. Young adult male Sprague/Dawley rats were subjected
to 15 seconds of scrambled intermittent footshock (0.50 mA pulses, 1 pulse/second, 300 msec) every
5 minutes for 30 minutes. Animals were sacrificed 75 or 135 min after the onset of stress and brains
examined for AVP mRNA and hnRNA, and VIP mRNA using in situ hybridization. Footshock stress
increased AVP hnRNA levels at the 75 min timepoint whereas AVP mRNA was elevated at both the
75 and 135 min. timepoints. In contrast, footshock stress decreased the number of cells expressing
VIP mRNA in the SCN without changing hybridization level per cell. These data indicate that the
disruptive effect of stress on activity rhythms correlate with alterations in the expression of regulatory
peptides within the SCN.

Introduction
The suprachiasmatic nuclei (SCN) of the hypothalamus function as an endogenous clock
maintaining circadian rhythms under in vivo and in vitro conditions [1,2,3]. The endogenous
rhythmicity of the SCN couples behavioral and physiological states, including activity levels,
body temperature, autonomic regulation, and hormone secretion. While the SCN entrainment
of these rhythms is strongly influenced by photic cues, there is increasing evidence that non-
photic environmental cues also influence rhythm entrainment [4]. These include novelty-
induced wheel running, food restriction, and behavioral stress. Among those stressors reported
to alter rhythm entrainment are social defeat, conditioned emotional responses, controlled vs
uncontrolled shock exposure, surgery, and chronic exposure to varying types of mild stressors
[5-11].
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Little is known about the mechanisms mediating stress-induced changes in circadian
rhythmicity, or to what degree they overlap with those involved in photic entrainment. Photic
regulation involves multiple elements that are both intrinsic and extrinsic to the SCN [12].
Arginine vasopressin (AVP) and vasoactive intestinal peptide (VIP) have been the most studied
of the SCN's intrinsic regulatory proteins [13]. Under basal conditions, both maintain a
circadian rhythm of expression within the SCN. AVP mRNA is elevated during the light phase
of the light/dark cycle [14,15], whereas VIP mRNA is elevated during the dark phase
[15-17]. These diurnal changes in AVP are maintained under constant light conditions, whereas
the VIP rhythm is abolished [18–20]. In animals housed under continuous dark conditions,
photic stimuli decrease VIP mRNA [21].

AVP and VIP are expressed in the dorsomedial and ventrolateral cells of the SCN, respectively
[22] and cooperate to regulate entrainment to photic and non-photic cues [23,24]. Indirect
evidence suggests that the expression of both peptides can be influenced by stress-related
increases in plasma corticosterone (CORT). Although glucocorticoids decrease VIP expression
in pituitary [25], this does not appear to be the case in brain. Adrenalectomy decreased VIP
mRNA in the hippocampus [26] and the SCN, but the effect in SCN are not reversed by
corticosterone [27] suggesting factors other than glucocorticoids influence SCN VIP
expression. Nothing is known regarding the influence of CORT on AVP expression in the
SCN, but various behavioral stressors increase AVP expression in the paraventricular nucleus
(PVN) of the hypothalamus [28,29]. Increases in AVP concentration within the SCN following
exposure to a 10 minute forced swim [30] indicate that a similar effect occurs in the SCN.

Based on these observations, we have hypothesized that acute stressors may modulate the
expression of regulatory neuropeptides within the SCN. Consequently, we examined the effect
of footshock stress on the expression of AVP and VIP mRNAs within SCN neurons of male
rats and compared this with the effect in the PVN and supraoptic nucleus (SON), two nuclei
where neuropeptide mRNA expression has been shown to be stress sensitive [31,32].

Materials and Methods
Animals

60 day old male Sprague-Dawley rats (Charles River, Portage MI) were used in these studies.
Animals were group housed in climate-controlled rooms under a 12:12 light-dark cycle (lights
on at 0600). Food and water were available ad libitum. On the day of experiment, animals were
placed in a stainless steel cage with a grid floor. Animals were stressed by 15 seconds of
scrambled intermittent shock (0.50 mA pulses, 1 pulse/second, 300 msec duration) applied
every 5 minutes for 30 minutes. Control animals were placed in the shock cages for the same
duration, but received no shock. Subsequently, animals were returned to their home cage. The
stress and control procedures were conducted during a single day between 0930 and 1100 hrs.
Animals were killed by decapitation at 75 or 135 minutes after the onset of the shock-stress
session. These times where chosen to capture the increases of AVP mRNA and hnRNA which
reportedly peak in the PVN about 2 hrs following stress [31]. Subsequently, brains were
removed and frozen in 2-methylbutane at -30°C, transferred to dry ice and stored at -70°C. All
experimental protocols were approved by the San Diego State University IACUC.

In situ Hybridization
Coronal sections (16μm) through the hypothalamus were cut in a cryostat at -20°C. Sections
were thaw-mounted onto Superfrost-plus Slides (Fisher Scientific), dried briefly on a slide
warmer, and stored at -70°C. Just prior to hybridization, sections were warmed to room
temperature, fixed in 4% formaldehyde in phosphate buffered saline (pH 7.0; 5 min), acetylated
with 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0; 10 min), rinsed in 2× standard
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saline citrate (SSC); transferred through ascending ethanols and delipidated in 100%
chloroform.

Hybridization was performed using synthetic oligonucleotide probes and all tissues were
processed concurrently. The probe for AVP mRNA was a 48 base oligomer complimentary to
the nucleotides encoding the last 16 amino acids of AVP (20). The oligonucleotide probe for
VIP corresponded to nucleotides 367 to 408 of the rat VIP mRNA.

The probe for AVP heterogeneous nuclear RNA (hnRNA) was a 48 base oligomer
complementary to the 5′ end of intron I. For these studies, hnRNA was measured to estimate
primary transcript levels. Advantages to measuring hnRNA rather than mature mRNA include:
hnRNA expression is a relatively accurate representation of rate of transcription, as compared
to measuring steady state levels of mRNA, which are influenced, not only by transcription rate,
but also by rate of turnover. Subtle changes in transcription can be detected since hnRNA is
found at low levels in the basal state and thus, large pools of mRNA do not camouflage changes.
The measurement of hnRNA allows discrimination of changes in transcription at a single cell
level [31,32]. Corresponding VIP hnRNA was not measured in these studies. Because the VIP
gene contains 6 introns and 7 exons, a suitable probe for measuring VIP hnRNA levels has yet
to be described.

All probes were 3′ end-labeled with 35S dATP (Perkin Elmer) using terminal deoxynucleotidyl
transferase (Boehringer Mannheim). Probes were dissolved in buffer containing 600 mM NaCI,
20 mM Tris-HCI, 0.04% Denhart's, 2 mM EDTA, 0.2% denatured DNA, 0.1% total yeast
RNA, 20% dextran sulfate and 50% deionized formamide containing 0.1% sodium thiosulfate,
100 mM dithiothreitol and 0.5% sodium dodecyl sulfate. 1 × 106 cpm of probe in 80ul was
applied to each slide. Sections were coverslipped and hybridization performed at 40°C
overnight. After hybridization, slides weree washed 3×20 min in 2× SSC/50% formamide at
40°C and 2×30 min each in 1× SSC RT. Slides were dehydrated in increasing ethanols, air-
dried and exposed to Hyperfilm Bmax (Amersham) for three days (AVP mRNA), four days
(hnRNA) and 3 days (VIP mRNA). Subsequently, slides were dipped in Kodak NTB2
photographic emulsion and exposed for 4 days (AVP mRNA) to 5 ½ days for VIP mRNA.
Slides were counterstained with cresyl violet.

Analysis
Semiquantitative analysis of film autoradiograms was conducted using NIH Image 1.54 (NIH,
Bethesda, MD). Sections were anatomically matched and optical densities in SCN, SON and
PVN were obtained using a template of fixed size. Background was taken from an adjacent
non-hybridized area and subtracted from the total hybridization to obtain specific
hybridization. All data were expressed in terms of arbitrary density units. Data were analyzed
using two-tailed Student's t-tests comparing unstressed values with the post stress time points.

Estimations of grain density over individual neurons were conducted in SCN using a computer
assisted image analysis system with a macro written by Dr. Karl Beykirch (UCLA). The
program identifies silver grains based upon a user-defined threshold and estimates grain density
based upon the pixel numbers above threshold in a user-defined area. Grain density over a
random sampling of cells in the SCN was determined for each animal. Grains over 4-5 adjacent
cell-sized areas were also counted in each section and used to calculate background level. An
SCN neuron was considered labeled if the number of silver grains over its soma was greater
than three-times the average background of surrounding neuropil. The specific hybridization
level per cell was defined as the ratio of the total grains/cell minus the mean background silver
grains for that section. The percentage of labeled SCN neurons for each animal was calculated
by dividing the number of labeled neurons by the total number of labeled and unlabelled
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neurons and multiplying the result by 100. The range of labeled cells measured per animals
was 54-88 neurons/SCN.

Results
Effect of stress on VIP mRNA expression in the SCN

Film densitometry of the hybridization signal revealed that VIP mRNA expression was
significantly reduced by stress at 75 (t[8]=4.18; p<0.01) and 135 minute (t[8]=4.69; p<0.001)
timepoints compared to controls. Analysis of VIP mRNA over individual neurons revealed no
significant difference in cellular level of hybridization (data not shown), but there was a
significant reduction in the percentage of labeled SCN neurons (Figure 1).

Effect of stress on the expression of AVP mRNA and AVP hnRNA
As shown in figure 2, specific hybridization for the AVP mRNA directed probe was observed
in the SCN, PVN and SON. Computer-assisted film analysis showed that the hybridization
density was significantly increased in the SCN at both 75 and 135 minutes timepoints (t[8]
=2.48; p<0.05; t[8]=1.89; p<0.05). Similar increases were also detected in the SON (t[8]=4.78;
p<0.001; t[8]=2.13; p<0.05). In the PVN, there was a significant increase at 75 (t[8]=4.01
p<0.001), but not at 135 minutes (P<0.10).

Analysis of emulsion coated slides also indicated that AVP mRNA increased in SCN at both
time-points (figure 3). There were no significant differences in the percentage of labeled cells
in the SCN following stress (data not shown). Unfortunately, cellular levels of AVP mRNA
in PVN and SON were not possible to measure in these sections because the photographic
emulsion over these brain areas was saturated at the exposure duration that produced a
measurable signal in the SCN.

For AVP hnRNA, grain density analysis showed a significant increase in hybridization level
in individual SCN neurons at 75 min (t[8]=2.69; p<0.05), but not at 135 min after the onset of
stress (Figure 3). We observed no significant increase between groups in the total number of
cells that expressed AVP hnRNA (data not shown).

Discussion
In this study, we show that footshock stress can alter the expression of regulatory neuropeptides
within the SCN. Because previous results showred disruptive effects of stress on physiological
and behavioral rhythms, we anticipated a stress-induced inhibition of the normal circadian
expression of one or both peptides. This was the case for VIP, but not AVP. Exposure to
intermittent footshock stress decreased the number of SCN cells expressing VIP mRNA. In
contrast, expression of AVP mRNA within individual SCN neurons was significantly enhanced
without changes in AVP mRNA expressing SCN cell numbers. This was accompanied by a
corresponding increase in AVP hnRNA. Since AVP hnRNA levels reliably predict AVP
primary transcript levels, this finding indicates that the intracellular changes in AVP mRNA
reflected alterations in transcription. Therefore, stress appears to have amplified the differential
pattern of expression that is normally present during this phase of the circadian cycle in the rat
SCN. However, any interpretation of the response pattern is limited since the present study
applied stress at only a single time point in the circadian cycle.

The stress-related increase that we observed in AVP expression appears to be consistent with
a previous report that AVP in the SCN, PVN and SON is increased following acute exposure
to swim stress [30]. The rise is also consistent with other studies showing a stress-induced rise
in AVP expression in the SON and PVN [28,33]. However, no other studies to our knowledge
have examined the content or expression of VIP in the SCN subsequent to non-photic stimuli.
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Acute stress can induce both short (1-2 days) and longer-term effects (> 7 days) on a number
of physiological systems. This raises the question about the degree to which these changes are
associated with changes in expression of SCN AVP and AVP mRNA following the stressor.
Factors that influence the pacemaker functions of the SCN are generally divided in photic and
non-photic classes, with stress falling into the latter. But distinct pathways have been identified
for different types of stressors [e.g., 34]. Further, feedback systems can influence regional clock
cells that control tissue specific rhythmic outputs [35]. Thus, stress-induced changes in the
SCN may not reflect the extent of regulatory disruption in rhythm entrainment control.

The mechanism for stress induced changes in SCN function is unknown. Data suggest that this
may not be partially due to stress-induced elevations in circulating glucocorticoids.
Glucocorticoids inhibit AVP expression in the human SCN [36], as well as the rat and human
PVN [37,38]. Although these studies did not examine glucocorticoid effects on AVP
expression in the rat SCN, glucocorticoids inhibit AVP release both in vitro and in vivo [39].
In contrast, glucocorticoid effects appear to be negligible for VIP mRNA. Corticosterone
administered to adrenalectomized animals, does not depress the expression of VIP in the SCN
[27]. Furthermore, a direct action of stress activated PVN neurons on SCN function is not
indicated since CRH containing fibers are not found in the SCN [40].

Although neither AVP nor VIP is essential to rhythm generation by the SCN, the two peptides
cooperate in modulating the entrainment and amplitude of circadian rhythms by the SCN
[41]. VIP containing cells are prevalent in the ventrolateral subdivision and receive direct and
indirect photic information, as well as modulatory input from the raphe. In contrast, AVP
neurons are confined to the dorsomedial subdivision, which is the area most critical for
rhythmic output. Photic information is projected to the dorsomedial area from VIP neurons
[23]. The dorsomedial SCN also receives input from other areas of the hypothalamus, limbic
forebrain and brainstem that are involved in homeostatic regulation [42,43]. It has few
reciprocal connections with the ventrolateral subdivision, but sends efferents to hypothalamic
and extrahypothalamic sites that integrate physiological and hormonal responses, including
those related to stress [44–47].

Leak et al [42,47] have described a model of pacemaker organization that proposes that the
two segregated subdivisions allow the SCN to integrate and balance information from different
types of external and internal stimuli important for homeostasis. Photic input to the
ventrolateral subdivision is serially conveyed to the dorsomedial subdivision to insure that light
is the dominant influence on rhythm generation and modulation. Inputs to the dorsomedial
region from areas outside of the SCN allow non-photic influences to be integrated into
modulation of amplitude and phase of rhythms under SCN control. Current behavioral,
physiological, and anatomical data related to photic influences on SCN regulation strongly
support the model. However, the effect of stress that we observed indicates that the VIP neurons
in the ventrolateral subdivision are sensitive to non-photic cues as well.
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Figure 1.
Effect of footshock stress on VIP mRNA in the SCN. Adult male rats were sacrificed either
75 min. or 135 min. after receiving 30 min of intermittent footshock. Each bar represents the
group means (± SEM). Figure 1A depicts the data obtained following density analysis of film
autoradiograms. Figure 1B depicts the results of VIP mRNA levels following grain density
estimates from emulsion coated slides expressed as the ratio of labeled cells to unlabeled cells.
Ratios for individual animals were derived from analyses performed on 55-74 neurons. No
differences in the density of the individual labeled neurons were observed between. N=5/group.
NS = nonstressed. *p<0.05 from control group.
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Figure 2.
Effect of footshock stress on AVP mRNA expression in the SCN, PVN and SON of adult male
rats. mRNA levels were measured using optical density of film autoradiograms. Each bar
represents the mean +/- SEM of 5 animals/group. *p<0.05 from control group.
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Figure 3.
AVP mRNA and heteronuclear RNA levels in individual neurons of the SCN. Data shown are
the mean (± SEM) number of grains (minus background) over individual SCN neurons. The
analysis measured 60-75 cells per animal with 5 animals representing each group. *p<0.05
from control group.
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