1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
Psychoneuroendocrinology. 2010 January ; 35(1): 15-20. doi:10.1016/j.psyneuen.2009.09.010.

Acute effects of hydrocortisone on the human brain: An fMRI
study

William R. Lovallo®", Jennifer L. RobinsonP:C, David C. GlahnP, and Peter T. FoxP:C

aBehavioral Sciences Laboratories, Veterans Affairs Medical Center, and Department of Psychiatry
and Behavioral Sciences, University of Oklahoma Health Sciences Center, Oklahoma City, OK
73104, USA

b Neuroimaging Core, Department of Psychiatry, University of Texas Health Science Center at San
Antonio, San Antonio, TX, 78229, USA

¢ Research Imaging Center, University of Texas Health Science Center at San Antonio, and South
Texas Veterans Health Care System, San Antonio, TX, 78229, USA

Abstract

Cortisol is essential for regulating all cell types in the body, including those in the brain. Most
information concerning cortisol’s cerebral effects comes from work in nonhumans. This is a first
effort to use functional magnetic resonance imaging (fMRI) to study the time course and locus of
cortisol’s effects on selected brain structures in resting humans. We repeatedly scanned 21 healthy
young adults over 45 min to examine changes in the brain’s activity 5 min before, and for 40 min
after, an 1V injection of 10 mg of hydrocortisone (N = 11) or saline placebo (N = 10). At 15-18 min
postinjection we observed in the hydrocortisone group reduced activity in the hippocampus and
amygdala that reached a peak response minimum at 25—-30 min postinjection (=1 Standard Deviation)
relative to placebo. No such effect was seen in the thalamus. Functional MRI appears to be a safe,
noninvasive method to study the time course and anatomical effects of glucocorticoids in the human
brain.
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Acute effects of hydrocortisone on the human limbic system: An fMRI study

This is an initial report of the use of functional magnetic resonance imaging (fMRI) to study
the acute effects of cortisol in the human brain. Diurnal glucocorticoid secretion regulates all
cells in the body, including those of the brain (De Kloet and Reul, 1987). High-level cortisol
release is a central component of the response to acute and chronic stress (Van Cauter, et al.,
1996; Gunnar and Vazquez, 2001; Edwards, et al., 2003). Chronically high levels of cortisol
resulting from stress, depression, and Cushing’s disease reduce hippocampal volume
(Sapolsky, et al., 1990; Bremner, 2006) and alter cognition and emotional reactivity (Starkman
etal., 1981; 1992; 2003).

Acute stress causes a rapid rise in circulating cortisol that readily passes the blood-brain barrier,
allowing it to reach receptors located in the cortex, limbic system, hippocampus, thalamus, and
hypothalamus. These “fast” effects of cortisol on the brain have been viewed as a critical
regulator of behavior (Dallman, 2005); they appear to mediate cortisol’s short-term effects on
cognition, emotion, and motivation (Diorio, et al., 1993; Buchanan, et al., 2001; Mizoguchi,
et al., 2004), as well as working memory and long-term memory (al’Absi, et al., 2002;
Roozendaal, 2002; Grillon, et al., 2004; Hoffman and al’ Absi, 2004). The importance of these
behavioral effects stands in contrast to our lack of precise knowledge of the real-time effects
of stress levels of cortisol in the human brain. Our information about the sites of glucocorticoid
actions in the central nervous system comes primarily from studies in vitro and in animal
models (McEwen, et al., 1968; Alexis, et al., 1983; Coirini, et al., 1983; De Kloet, et al.,
1984), with a few studies in primates (Sanchez, et al., 2000), and fewer still in the human (de
Leon, etal., 1997; de Quervain, et al., 2003; Croissant and Olbrich, 2004). We currently have
no clear information on the exact time course by which endogenous cortisol acts on the brain
after entering into the bloodstream or which structures are the first to participate in these
immediate responses. Since fMRI provides a rapid and noninvasive method to image the brain,
it has the potential to serve as a useful tool for documenting the time-course and spatial effects
of cortisol in human subjects. We observed the acute effects of hydrocortisone on specified
limbic and paralimbic structures in human subjects undergoing repeated fMRI acquisitions.
The choice of structures was based on cortisol’s known functional effects on the hippocampus
(Buchanan and Lovallo, 2001; Buchanan, et al., 2006) and amygdala (Shepard, et al., 2000;
Dedovic, et al., 2009). Similarly, cortisol has been reported to act on thalamic receptors in rat
and hamster (Sutanto, et al., 1988). We report here on the time course and direction of response
to hydrocortisone of these selected brain regions using the blood oxygenation level dependent
(BOLD) signal obtained using fMRI in resting humans.

Materials and Methods

Participants

We tested twenty-one healthy volunteers (11 females) who met the following inclusion criteria:
ages 18 to 55 years; good physical health by self report and medical history interview without
a history of allergies or current treatment with steroids; normal mental status and absence of
psychiatric diagnosis (DSM-1V) (American Psychiatric Association, 1994) as assessed by
interview; absence of prescription medications; no cardiac pacemakers or any nonremovable
metal objects that could make it unsafe to enter the magnet; ability to understand the study
requirements and follow directions. All volunteers signed a consent form approved by the
Institutional Review Board at the University of Texas Health Sciences Center, San Antonio,
TX and were paid for their participation.
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Cortisol administration

Participants were randomly assigned to receive an intravenous injection of either
hydrocortisone (N = 11) or saline (N = 10) in a double-blind procedure. These groups were
similar in age (M + SD =29.6 + 9.65 and 26.9 + 5.93, respectively; t =0.77, p > 0.05) and
gender composition (6 and 5 females respectively; 2 = 0.043, p > 0.05). The protocol was
designed to mimic the effects of a rapid release of cortisol into the bloodstream as might
accompany an acute stress response. The use of a bolus injection also allowed a precise
documentation of the onset and time course of cortisol’s effects from the ongoing scans.
Hydrocortisone (Hawkins Chemical Co., Minneapolis, MN) or saline was packaged by
Innovative Pharmacy Solutions, Edmond, OK in identical plastic bottles containing single
doses of either saline alone or 10 mg of hydrocortisone in saline solution. A 20-gauge
intravenous catheter was inserted into a peripheral vein in the right arm and connected to a
saline drip. The hydrocortisone or saline was administered as a bolus injection via the
intravenous catheter. Prior work has shown that 20 mg of oral hydrocortisone produced blood
levels of cortisol similar to those seen during mental stress protocols in the laboratory
(Buchanan, et al., 2001). The smaller dose was chosen here because of the more rapid onset
of the effects of the bolus administration.

Brain scanning

Following screening and catheter insertion, volunteers were placed in the scanner and
instructed to remain still with their eyes gently closed during the duration of the procedure.
Scanning was carried out on a Siemens 3T Trio MRI scanner. Functional scans were acquired
continuously at 5-sec intervals over 45 min, with CORT or PLACEBO injection occurring at
the 5-min mark. Functional imaging utilized a gradient echo, echoplanar sequence sensitive to
the BOLD signal, acquiring 24 sagital slices (TR = 5000 ms, TE = 40 ms, flip angle = 20
degrees, voxel size = 4 mm3 and a 1 mm gap, FOV = 256 cm). After functional image
acquisition, a higher resolution coplanar T1-weighted series was obtained for each subject and
used for anatomical reference (TR =500 ms, TE = 20 ms, flip angle = 90 degrees, voxel size
of 2x 2 x4 mmand almm gap, FOV = 256 cm). Finally, a high-quality 3D anatomical image
was acquired with an 0.8 mm3 voxel size and a 256 x 256 x 256 data matrix (TR = 33 ms, TE
=12 ms, and flip angle = 60 degrees). Total time of data acquisition was approximately 2 hr.
Due to the length of the scan time, data preprocessing included motion correction.

Structural imaging was conducted to provide anatomically accurate delineations of limbic and
paralimbic regions of interest (ROIs) that were selected based on previous research on
structures affected by cortisol, including the thalamus, insular cortex, amygdala, hippocampus,
and parahippocampal gyrus. Bilateral anatomically driven ROIs for each structure were defined
using the Harvard-Oxford Structural Probability Atlas (thresholded at 70% probability)
distributed with FSL neuroimaging analysis software
(http://www.fmrib.ox.ac.uk/fsl/data/atlas-descriptions.html). The ROIs were then registered
into each subject’s space, and a time series was extracted. In order to minimize momentary
signal fluctuations, the data were averaged in 5-min increments.

The data were acquired over a 45-min session with repeated fMRI acquisitions. With long
acquisitions, scanner drift can affect the data. We dealt with this in two ways: First, the scanner
used in this study has daily quality assurance procedures in place specifically to minimize such
drift. Second, to ensure that the present data were free of scanner drift, we examined the activity
of the hippocampus, amygdala, and thalamus in the placebo group, because signals should be
constant over time if scanner drift is absent. Using minutes 0 to 5 as a baseline, change in signal
strength was registered in SD units for each succeeding 5-min segment. As shown in Figure
1, BOLD signal strength remained at < + 0.005 SD units over the next 40 min. An alternative
strategy would be to filter the BOLD signal series using a low time constant filter in the range
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of .008 Hz. However, this was considered undesirable in the case of the present data because
the filtration would also remove true time series signal caused by the response to cortisol, which
is also on the order of minutes. Instead, we chose to standardize the data using Z scores and to
examine the response to cortisol as a difference from placebo in successive 5-min segments.

All of the BOLD measurements from the placebo group were therefore put into a common
distribution with the mean set to zero and the SD set to 1.0. Each measurement from the cortisol
group was then assigned a Z value based on its SD units, and each subject’s standardized score
was extracted at each time point. Because the BOLD signal does not provide a calibrated metric,
we elected to compare the placebo vs. hydrocortisone conditions in SD units that are equivalent
to Cohen’s d’, which is also expressed as the difference in SD units between two conditions or
two groups. This provides a statistical comparison between the hydrocortisone and placebo
groups that is interpretable as an effect size in which an effect size of 0.2 to 0.3 is considered
a “small” effect, one around 0.5 a “medium” effect, and 0.8 and greater, as a “large” effect.

Results are summarized in Figure 2. Relative to the saline group we observed reduced BOLD
signals bilaterally in the amygdalae and parahippocampal gyri, with effect sizes approaching
1.0 at 20 to 25 min postinjection and persisting for as long as 40 min postinjection, the end of
the scanning period. In comparison the thalamus had variations remaining at < 0.2 SD
throughout the period of observation. Similarly, the insula and posterior parahippocampal gyri
did not respond to hydrocortisone (not shown). Table 1 shows the mean =+ standard error
difference from placebo to hydrocortisone for each 5-min time period during the scanning
session.

Discussion

These results demonstrate the use of the fMRI BOLD signal to detect the timing and locus of
glucocorticoid effects on selected structures of the human brain. The present observations were
made under a restricted set of conditions with the subjects at rest. The time course of the data
we present indicates that reduced activation in the amygdala and parahippocampal gyrus is the
initial response of these structures to a stress-level of glucocorticoid exposure. Although these
results must be interpreted with caution in terms of the underlying cellular physiology, there
is some reason to consider the effects to reflect a hyperpolarization of the neurons in these
structures.

The threshold of 20 min for hydrocortisone’s effects to become observable in the present study,
and the direction of response in the parahippocampus and amygdala, are consistent with the
mechanism and timing of “fast” glucocorticoid actions in the brain. In animal models and tissue
studies, these fast effects are mediated by cortisol’s effect on membrane receptors, and the
onset of neuronal response to systemically administered glucocorticoids is on the order of 15
to 20 min (Makara and Haller, 2001; Dallman, 2005). In contrast, cortisol’s longer lasting
genomic effects are exerted by actions on intracellular glucocorticoid and mineralocorticoid
receptors and subsequent entry into the cell nucleus, leading to alterations of gene expression,
a chain of events that requires longer times to develop (Makara and Haller, 2001; Dallman,
2005). The primary mechanism of these fast glucocorticoid effects on membrane is
hyperpolarization (Chen, et al., 1991; Makara and Haller, 2001; Logothetis and Wandell,
2004), an effect that is consistent with the reduction of metabolic activity in the structures that
responded in the present study.

Although the structures featured in this report are all known to possess receptors for
glucocorticoids, the thalamus, insula, and parahippocampal gyrus showed no change in
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metabolism, as indexed by the lack of a BOLD signal response, while the activity of the
hippocampus and amygdala declined substantially by 30-35 min postinjection. The difference
in responses across structures may be due to receptor distribution and density or to the dose of
hydrocortisone. The response differences are therefore functional effects occurring under these
conditions of testing and do not reflect the presence or absence of glucocorticoid receptors.

Other studies have reported on cortisol’s effects using positron emission tomography (PET).
Oral hydrocortisone administered to healthy elderly persons led to reduced hippocampal
metabolism seen as lowered uptake of fluorine deoxyglucose (de Leon, etal., 1997). Ina PET
study of memory retrieval, oral hydrocortisone impaired retrieval of material learned 24 hrs
earlier, and this memory deficit was associated with reduced cerebral blood flow in the
parahippocampal gyrus measured using Oq5 water (de Quervain, et al., 2003). These findings
of reduced hippocampal blood flow and glucose metabolism are consistent with our present
results. In considering which method to use in tracking hydrocortisone effects in the present
study, we decided to fMRI in preference to O15 water because of fMRI’s fast data acquisition
time and high temporal resolution. In these imaging studies, cortisol was administered orally,
so the exact onset of cortisol’s effects was not observed. In the present study, we used an IV
administration allowing hydrocortisone’s entry to the bloodstream to be precisely known. We
scanned in 5-sec segments and ultimately averaged these into 5-min blocks to provide sufficient
smoothing of the data while retaining enough temporal resolution to visualize the time course
of hydrocortisone’s effects. A similar acquisition with PET using O45 water would have had
a minimal temporal resolution of 10 min. An additional consideration is that PET entails the
use of radiation vs. none for fMRI. A similar fMRI approach was used in this facility to track
the effects of glucose infusion at the hypothalamus (Mahankali, et al., 2000).

This initial set of observations provides a basis for more extensive in vivo study of cortisol’s
real-time effects on the human brain. The present observations were made in resting persons
exposed to a single dose, and we examined a restricted set of brain structures chosen for their
known responsiveness to cortisol. Future studies should explore such effects at different doses
and under differing behavioral conditions. The dose chosen for use here was within the
physiological range and was intended to mimic the effect of a mild behavioral stressor, such
as mental arithmetic or a public speaking simulation (al’Absi, et al., 1997).

The direction of hydrocortisone’s effects may vary as a function of the behavioral state of the
subject, as the glucocorticoid response of the amygdala and hippocampus differs depending
on the resting vs. stressed state of the animal (Makara and Haller, 2001; Roozendaal, 2002),
and similar directional effects may occur in the human. In addition, cortisol administered prior
to a fear conditioning procedure resulted in altered responses in the anterior cingulate gyrus,
the lateral orbitofrontal cortex, and medial prefrontal cortex (Stark, et al., 2006). This suggests
that cortisol’s actions may be seen in a wider range of structures during stress as opposed to
the resting state. Future work should map the response to a range of doses that might
approximate the levels of cortisol seen during mild and severe psychological stress and
occurring during physiological stressors, such as a marathon run, which produces blood levels
far higher than the current dose (Dessypris, et al., 1980). Whether the direction of effect or the
range of structures affected would remain the same is therefore a question for further study
(van Stegeren, 2009). Finally, the longer-term response to glucocorticoid via its genomic
actions is a potential candidate for the use of this technique, and would require extending the
period of observation beyond the 40 min explored here.

The present results demonstrate the feasibility of studying cortisol’s real-time effects in the
human brain, and they raise questions for future study. The IV administration used here
provides new information about the timing of the brain’s response to cortisol following its
entry into the blood stream.
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Figure 1.
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BOLD-signal consistency over 45 min for the placebo group. The figure shows that for the
three structures in question, there was < + 0.005 SD change in signal strength in any time period

relative to the baseline period at 0-5 min.
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Figure 2.

Normalized BOLD-signal changes in response to hydrocortisone administration. (A) 3D
rendering of regions of interest from which time courses were extracted. (B) Hydrocortisone
group differences from placebo in Z score units averaged over 5-min segments. Cortisol or
placebo was administered at the end of the first 5 min.
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