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R E S E A R C H A R T I C L E

Circadian and Ultradian Variations in Corticosterone
Level Influence Functioning of the Male Mouse
Basolateral Amygdala

Femke Susanne den Boon,1 Tessa de Vries,1 Marin Baelde,1 Marian Joëls,1,2

and Henk Karst1

1Deparment of Translational Neuroscience, Brain Center Rudolf Magnus, UMC Utrecht, Utrecht University,
3584 CX Utrecht, Netherlands; and 2University of Groningen, University Medical Center Groningen,
9713 GZ Groningen, Netherlands

ORCiD numbers: 0000-0002-8849-4679 (F. S. den Boon).

The hypothalamic-pituitary-adrenal axis involves timed signaling between the hypothalamus, pi-
tuitary, and adrenal glands and back to the brain, causing an inherently oscillating system. Cor-
ticosteroids such as corticosterone (CORT) are secreted in a circadian rhythm, characterized by low
and high levels at the start of the inactive and active phases, respectively. The circadian rhythm
overarches ultradian CORT pulses, with approximate 1-hour interpulse intervals. We examined the
physiological relevance of pulsatile CORT exposure for neurons of the basolateral amygdala (BLA),
an area important for fear learning. We first applied four pulses of equal, high CORT concentration
and measured the frequency of miniature excitatory postsynaptic currents (mEPSCs) reflecting
spontaneous glutamate signaling. BLA neurons responded differently to each pulse, showing
“metaplasticity,” extending earlier studies. Next, we mimicked the progression of the inactive and
active phases by four CORT pulses of increasing and decreasing concentrations, respectively. CORT
pulses of increasing concentration were necessary and sufficient to gradually increase baseline
(between-pulse) mEPSC frequency during the mimicked inactive phase, whereas the opposite was
seen with decreasing CORT levels during the mimicked active phase. To study the relevance of
changed glutamate transmission on behavior, mice were tested in tone-cued fear conditioning
during the active or inactive phase. Animals tested at the inactive compared with the active phase
showed efficient fear learning; this was also observed when animals tested during the active phase
were treatedwith the CORT synthesis blockermetyrapone. This suggests that natural CORT rhythms
influence electrical activity in the BLA, possibly contributing to altered behavioral function. (En-
docrinology 160: 791–802, 2019)

The hypothalamic-pituitary-adrenal axis is a neuro-
endocrine system that orchestrates the stress response

by stimulating glucose availability, suppressing the im-
mune system, and exerting effects on the brain (1, 2).
Levels of corticosteroids, the end product of the
hypothalamic-pituitary-adrenal axis, fluctuate with the
time of day in a distinct circadian pattern in nonstressed
animals, with low levels at the start of the inactive phase
and a peak around awakening. This circadian cortico-
steroid rhythm overarches an ultradian rhythm that

consists of roughly hourly pulses of corticosteroid release
(3). Together, these rhythms are thought to play a role in
regulating homeostasis to prepare the organism for daily
activities (4). Alterations in corticosteroid rhythmicity are
found in many pathological states (e.g., metabolic syn-
drome, inflammatory and mood disorders, Cushing dis-
ease, Alzheimer’s disease, and cancer) (5, 6).

Circadian and ultradian corticosteroid oscillations are
also detected in the brain, including limbic areas such as
the hippocampus (7). Recent electrophysiological studies
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Abbreviations: aCSF, artificial cerebrospinal fluid; BLA, basolateral amygdala; CORT,
corticosterone; CS, conditioned stimulus; GABA, g-aminobutyric acid; GR, glucocorticoid
receptor; LTP, long-term potentiation; mEPSC, miniature excitatory postsynaptic current;
MR, mineralocorticoid receptor.
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suggest that ultradian pulsatility may influence excit-
ability of limbic cells and their response to stressors
(8–12). Thus, in the hippocampus neurons were found to
quickly respond to a single corticosterone (CORT) pulse,
with (i) a transiently increased frequency of glutamate-
mediated miniature excitatory postsynaptic currents
(mEPSCs); (ii) increased trafficking of glutamate (AMPA)
receptor subunits; and (iii) efficient induction of long-
term potentiation (LTP) (8, 9). A second pulse 1 hour
later evoked comparable responses. Nevertheless, the
first CORT pulse also slowly altered baseline trans-
mission with a delay of .1 hour, characterized by (iv)
synaptic enrichment of glutamate receptors and (v) in-
creased mEPSC amplitude, which together may con-
tribute to (vi) an impaired ability to induce LTP.1 hour
after the first CORT pulse (8, 10). The latter potentially
makes the system unresponsive to renewed input for
many hours. Interestingly, a second pulse 1 hour after the
first was found to normalize glutamate transmission and
thereby the ability to induce LTP, underlining the rele-
vance of hourly pulses in the hippocampus (11). In the
basolateral amygdala (BLA), responses to pulses of
CORT were shown to be even more complex: A first
pulse of 100 nM CORT increased spontaneous gluta-
mate transmission, whereas a subsequent pulse (also
100 nM) 1 hour later caused a decrease, a phenomenon
that was dubbed “stress metaplasticity” (12).

In the current study, we followed up the latter pre-
liminary observation and questioned the relevance of
ultradian and circadian CORT rhythms for BLA neu-
ronal excitability and behavorial function. We first ex-
tended the previous study by examining BLA responses
to four pulses of 100 nMCORT. Next, we exposed brain
slices from mice prepared at the trough of the circadian
cycle to four pulses of increasing CORT concentration
and slices prepared at the peak to four pulses of de-
creasing CORT concentration. Because the BLA is cen-
tral to tone-cued fear learning, we also performed
behavioral experiments at the trough and peak of the
circadian cycle to probe the potential functional rele-
vance of our electrophysiological experiments.

Methods

Animals
Male C57/Bl6 mice (Harlan CPB) were used. Animals were

group-housed five per cage and allowed to acclimatize to the
housing facility for at least 1 week. Food and water were
provided ad libitum. Stable temperature and humidity were
kept at 20°C to 24°C and 55% 6 10%, respectively. For
electrophysiological experiments, mice aged 6 to 11 weeks were
used, of which the last remaining mouse in the cage was never
used. For behavioral experiments, mice aged 11 to 25 weeks
were used. When day/night rhythms (corresponding to lights

on/off, either 08:00/20:00 or 09:00/21:00) were reversed, a
period of at least 2 weeks was observed before animals entered
the experiment. All animal procedures were approved by the
local ethics committee (2014.I.06.036).

Electrophysiology
On the day of the experiment, onemale young adult C57/Bl6

mouse was decapitated at the start of the light (inactive) phase
(within 2 hours after lights on) or at the start of the dark (active)
phase (within 2 hours after lights off). Following decapitation,
brains were removed from the skull and submerged in oxy-
genated (95% O2, 5% CO2) ice-cold (4°C) adapted artificial
cerebrospinal fluid (aCSF) containing 120 mM choline chlo-
ride, 3.5 mM KCl, 0.5 mM CaCl2, 6 mM MgSO4, 1.25 mM
NaH2PO4, 25 mM D-glucose, and 25 mM NaHCO3. Coronal
slices (350 mm) containing the BLA were made with a vibro-
slicer (Leica VT 1000S) and placed for 30 minutes in aCSF
containing 120 mM NaCl, 3.5 mM KCl, 1.3 mM MgSO4,
1.25 mM NaH2PO4, and 2.5 mM CaCl2 at 32°C. Slices were
kept at room temperature for at least 1 hour before being
transferred to the recording setup.

Glass recording pipettes were pulled from borosilicate glass
(impedance 4 to 6 MV, 1.5-mm outer diameter; Harvard
Apparatus) with a micropipette puller (Brown/Flaming P-87;
Sutter Instruments) and were filled with pipette solution con-
taining 120 mMCs-methane-sulfonate, 17.5 mMCsCl, 10 mM
HEPES, 5 mM BAPTA, 2 mM MgATP, and 0.1 mM NaGTP
(295 mOsm, pH 7.3 adjusted with CsOH). BAPTA was ob-
tained from Molecular Probes; all other chemicals were pur-
chased from Sigma. One slice at a timewas placed in a recording
chamber mounted on an upright microscope (Axio Examiner
A.1; Zeiss) with differential interference contrast, water-
immersion objective (633), and 103 ocular. Slices were contin-
uously perfused with aCSF (flow rate 2 to 3 mL/min, temperature
32°C, pH 7.4). Bicuculline methobromide (20 mM; Santa Cruz
Biotechnology) and tetrodotoxin (0.5 mM; Latoxan) were
added to the aCSF to block g-aminobutyric acid (GABA)A
receptor‒mediated signals and action potentials, respectively.
Whole-cell voltage-clamp recordings were made with an
Axopatch 200B amplifier (Axon Instruments). Neurons in the
BLA were selected for recording if they displayed a pyramidal-
shaped cell body. All mEPSCs were recorded at a holding
potential of 270 mV.

If the selected neuron showed stable mEPSC properties during
baseline recording (at least 10 minutes), CORT (3, 10, 30, or
100 nM; Sigma) was applied for 10 minutes via the perfusion
medium; the pulse duration was based on an earlier study (9). An
average number of 2.36 cells per animal was used in the final
analysis. CORT was prepared weekly in a stock solution (1 mM
in 95% ethanol) and diluted to the final concentration in
aCSF just before application. Spontaneous electrical activity was
filtered at 5 kHz and digitized at 10 kHz (Digidata 1322A; Axon
Instruments). All data were acquired, stored, and analyzed on a
personal computer using pClamp 9.0 and Clampfit 9.2 (Axon
Instruments). Minimal cutoff for mEPSC analysis was 6 pA.

Corticosteroid measurements
Blood samples collected during decapitation were centri-

fuged for 10 minutes at 4000 rpm. Plasma was stored at220°C
until processing, using a commercially available RIA kit (MP
Biomedicals Inc) according to the manufacturer’s instructions.
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In a limited number of samples, we determined CORT by
isotope dilution liquid chromatography–tandem mass spec-
trometry. The stable isotope labeled standard corticosterone-D4

was used. The intraassay and interassay imprecision for CORT
was ,3.9%, and the limit of quantification was 0.17 nmol/L.
Animals that underwent fear conditioning were euthanized
90 minutes after the start of the test phase on day 2. Animals
that underwent only metyrapone/vehicle treatment (0.4 mg/mL,
given continuously from 72 hours before the start of the training
phase until the start of the testing phase) without fear condi-
tioning were euthanized 30 minutes after receiving a foot shock
or having been left undisturbed. Metyrapone is generally ap-
plied by injection, but pilot experiments showed that restraining
and injecting animals was associated with substantial stress;
therefore, we chose to dissolve a moderate dose of metyrapone
or vehicle in drinking water instead (see also “Discussion”).
Treatment with metyrapone (compared with vehicle) in the
drinking water caused a mild (24%) reduction in CORT level
30 minutes after the foot shock.

Tone-cued fear conditioning
Male young adult C57/Bl6 mice were used at the start of the

light phase. To avoid direct effects of light, all animals were kept
in the dark before and during the experimental procedures. This
meant that on training and testing days of animals in the in-
active phase, switching on of the light was delayed until after the
experimental procedures were completed. Animals were re-
moved from their home cages for the experiment within 1 hour
after the (expected) start of the light/dark phase. In the
metyrapone experiments only, animals at the start of the active
phase were used. Animals received metyrapone (0.4 mg/mL;
Tocris) dissolved in drinking water or control treatment (just
drinking water) starting 72 hours before training. After train-
ing, animals were placed back into their home cage and
received a further 24 hours of metyrapone or vehicle drinking
water before testing.

Animals were trained in a fear-conditioning chamber (30 3
30 3 40 cm; Phenotyper, Model 3000; Noldus Information
Technology). The grid floor consisted of stainless steel rods,
which were connected to a shock generator (custom built). On
day 1 (09:00 to 10:00), one mouse at a time was trained in the
foot shock chamber (cleaned with Trigene solution, 0.5%). The
mouse was allowed to freely explore the chamber for 3 minutes,
followed by a tone that lasted 30 seconds (70 dB, 2300 Hz),
coupled to a foot shock (0.4 mA) during the last 1 second. After
another 90 seconds postshock, the animal was returned to its
home cage. Twenty-four hours after training, the mouse was
introduced into a chamber with a different contextual back-
ground. After free exploration for 3 minutes, the animal was
exposed to a tone (30 seconds) without a foot shock. Behavior
was analyzed with Observer XT 10 (version 10.5.572; Noldus
Information Technology). Freezing behavior was scored on day
1 before the tone (baseline) and on day 2 before and during the
tone. Freezing was defined as no body movements except for
breathing andwas analyzed as the percentage of freezing time vs
total experimental time.

Data analysis
For electrophysiological recordings, we used paired t tests to

compare mEPSC properties between the last 5-minute baseline
recordings and the last 5 minutes of recordings in the presence

of CORT or vehicle. The four baselines were tested with a
one-way ANOVA, followed by a Tukey post hoc test for
multiple comparisons; in these analyses, we also tested cumulative
frequency and amplitude distributionswith aKolmogorov-Smirnov
analysis. For tone-cued fear-conditioning experiments, a two-
waymixed-design ANOVAwas applied. In cases of comparison
between two groups only, an unpaired t test was used.

Results

Experiment no. 1: four 100-nM CORT pulses
We first tested the effect of four high CORT con-

centration pulses (100 nM) on mEPSCs in principal BLA
cells because earlier experiments had been restricted to
two pulses only (12). Coronal slices containing the BLA
were prepared from male mice under rest in the morning,
when CORT levels were low. Pulses had a duration of
10 minutes and were applied 1 hour apart. mEPSC
frequency and amplitude were analyzed during the last
5 minutes of each CORT incubation and were compared
with the properties during the final 5 minutes just before
each application (baseline).

As expected, the first pulse increased mEPSC fre-
quency (baseline 1: 1.08 6 0.14 Hz vs CORT 1: 1.98 6

0.37 Hz; paired t test, P = 0.004) [Fig. 1(a)]. The mEPSC
frequency remained quite high for 1 hour (baseline 2:
1.656 0.23 Hz) [Fig. 1(a)]. No changes were detected in
mEPSC amplitudes [Fig. 1(d)]. The second CORT pulse
brought the mEPSC frequency down again (baseline 2:
1.656 0.23Hz vs CORT 2: 1.336 0.23Hz; paired t test,
P = 0.027) [Fig. 1(a)], consistent with an earlier study
describing BLA stress metaplasticity (12). Unlike the earlier
study, mEPSC amplitudes were slightly but significantly
decreased (baseline 2: 16.18 6 1.45 pA vs CORT 2:
14.05 6 1.32 pA; paired t test, P = 0.001) [Fig. 1(b)].

Although the first two pulses thus largely confirmed
the earlier described metaplasticity (12), we had no prior
hypothesis regarding how BLA would respond to sub-
sequent pulses. As summarized in Fig. 1(a) and 1(b), BLA
neurons exposed to a third or fourth pulse of this very
high CORT concentration did not show any response to
the hormone in either mEPSC frequency or amplitude.
Apparently, BLA neurons become unresponsive even to
these high CORT concentrations after being exposed to
at least two recent pulses of high CORT concentration.

Experiment no. 2: four pulses of increasing
CORT concentration

Natural ultradian pulses show increasing amplitude
(during the progression of the inactive phase) or de-
creasing amplitude (during the active phase) rather than
four pulses of equal, high CORT concentration, as ap-
plied during the first experiment. We mimicked this
natural situation by exposing BLA neurons in vitro to
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four pulses of increasing (or decreasing; see following
text) CORT concentration. Thus, slices obtained from
animals euthanized at the start of the inactive phase were
exposed to a pulse of 3 nM CORT, followed by pulses of
10 nM, 30 nM, and 100 nM, for 10 minutes per con-
centration with a 1-hour interpulse interval [Fig. 2(a)].
The concentrations were selected so that they covered the
entire dose-response curve described earlier for hippo-
campal cells (9); the pulses mimicked the ultradian and
circadian release of CORT in unstressed rodents but—in
view of the limited viability of slice preparations—in a
condensed fashion, encompassing 3 instead of 12 hours (9).

When we compared the values during CORT-
incubated time periods with their respective baselines,
we did not detect significant effects during any of the
CORT incubations, on either mEPSC frequency or am-
plitude. However, we did find that over the course of
the experiment, applying increasing concentrations of
CORT resulted in an increased mEPSC baseline fre-
quency (one-way ANOVA; P = 0.022) [Fig. 2(a)]. This
was very clear when the average frequencies were nor-
malized to the baseline frequency before the first pulse
[Fig. 2(b)]. Tukey post hoc analysis on the absolute
mEPSC frequencies revealed that baseline 4 was higher
than baseline 1 (baseline 1: 1.11 6 0.14 Hz; baseline 4:
2.28 6 0.38 Hz) [Fig. 2(a)]. We tested mEPSC baseline
frequency distributions with the Kolmogorov-Smirnov

test and found that baseline 3 and baseline 4 were sig-
nificantly shifted to the right compared with baseline 1
(baseline 1 vs baseline 3, Kolmogorov-Smirnov test, P =
0.023; baseline 1 vs baseline 4, Kolgomorov-Smirnov
test, P = 0.03) [Fig. 2(c)]. No differences in mEPSC
amplitude were detected. Application of vehicle only did
not increase mEPSC frequency over time [Fig. 2(d)],
supporting the finding that the increase seen with four
CORT pulses was not merely caused by the passage of
time and possible slice quality deterioration.

Experiment no. 3: four pulses of decreasing
CORT concentration

Slices obtained from animals euthanized at the start of
the active phase were incubated with decreasing con-
centrations of CORT (100, 30, 10, and 3 nM) for
10 minutes per concentration with 1 hour between
incubations, using comparable mEPSC frequency and
amplitude analyses as in the previous experiments
(Fig. 3). The mEPSC frequency at the start of the ex-
periment (baseline 1) was significantly higher in animals
euthanized at the start of the active phase than in those
euthanized at the inactive phase (active phase: 1.63 6
0.20 Hz vs inactive phase: 1.10 6 0.15 Hz; unpaired t
test, P = 0.03), whereas mEPSC amplitudes were not
different. This occurred in parallel with the higher CORT
levels in animals euthanized at the start of the active

Figure 1. Repeated exposure to high levels of CORT. (a) Representative trace of mEPSCs during baseline before the first application of CORT. (b)
Representative trace of mEPSCs during the first application of CORT, when the mEPSC frequency, but not the amplitude, was enhanced. (c) The
first application of CORT (100 nM) quickly increased mEPSC frequency from baseline (paired t test, P = 0.004). mEPSC frequency remained high
1 hour later (unpaired t test, P = 0.04). Subsequent exposure to a second pulse of CORT (100 nM) reduced mEPSC frequency (paired t test, P =
0.027). Further exposure to CORT (100 nM) did not affect mEPSC frequencies. (d) mEPSC amplitude was reduced after the second application of
CORT (100 nM; paired t test, P = 0.001) but was not affected by other applications. All bars represent the mean 1 SEM per group; the numbers
at the bottom of each bar indicate the number of cells per group. *P , 0.05; **P , 0.01.
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phase compared with those euthanized at the start of the
inactive phase (active phase: 83.33 6 12.48 nM vs in-
active phase: 12.78 6 4.03 nM; unpaired t test, P ,

0.001; n = 22 and 20, respectively). Similar to application
of a first pulse of 100 nM CORT to slices prepared from
animals at the start of the inactive phase (experiment no.
1), the first pulse in experiment no. 3 also led to a sig-
nificantly increasedmEPSC frequency (baseline 1: 1.636
0.22 Hz vs 100 nMCORT: 2.146 0.27 Hz; paired t test,
P = 0.018) [Fig. 3(a)], whereas no change in mEPSC
amplitude was detected. Application of 30 or 10 nM did
not evoke any significant change. In contrast, 3 nM

CORT just significantly increased mEPSC frequency
(baseline 4: 0.91 6 0.12 Hz vs 3 nM CORT: 1.09 6
0.16Hz; paired t test, P = 0.044) [Fig. 3(a)] in the absence
of an effect on mEPSC amplitude.

When analyzing the change in mEPSC frequency over
the course of the experiment, we found that decreasing
concentrations of CORT resulted in a significant de-
crease in mEPSC baseline frequency over time (one-way
ANOVA, P = 0.0098). Baseline frequencies normalized
to that of baseline 1 illustrate this decline [Fig. 3(b)].
Tukey post hoc analysis of the absolute frequencies
showed that baseline 1 was higher than baseline 4

Figure 2. Exposure to increasing levels of CORT, mimicking the inactive phase. (a) Applications of increasing concentrations of CORT (3, 10, 30,
and 100 nM) did not have immediate effects on mEPSC frequencies. CORT did increase the baseline mEPSC frequency (one-way ANOVA, P =
0.022). Tukey post hoc testing showed that baseline 4 value was higher than baseline 1 value. (b) The mEPSC frequency of CORT baselines
normalized to the mean of the first baseline. (c) Cumulative distributions of mEPSC frequency of baselines. Kolmogorov-Smirnov tests showed
that baseline 3 and baseline 4 were shifted to the right compared with baseline 1 (Kolmogorov-Smirnov tests: baseline 1 vs baseline 3, P =
0.023; baseline 1 vs baseline 4, P = 0.03). (d) mEPSC frequency of baselines before each of four pulses with vehicle (veh). All bars represent the
mean + SEM per group; the number at the bottom of each bar indicates the number of cells per group. #P , 0.05.
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(baseline 1: 1.636 0.22 Hz, baseline 4: 0.916 0.12 Hz)
[Fig. 3(a)]. A distribution analysis of mEPSC frequencies
with the Kolmogorov-Smirnov test did not indicate
significant differences [Fig. 3(c)], although there was a
trend for a leftward shift of baseline 4 compared with
baseline 1. No changes were seen in mEPSC amplitudes.
Similarly, we observed no changes in either mEPSC
frequency or amplitude during or in between vehicle
applications over time [Fig. 3(d)].

Experiment no 4: multiple pulses were necessary
for a shift in baseline frequency

We next investigated whether multiple pulses are not
only sufficient but also necessary to gradually increase

baseline mEPSC frequency or whether a single pulse
suffices, via a slow (presumably gene-mediated) pathway.
We adapted our protocol by applying one, two, or three
CORT pulses (3; 3 and 10; or 3, 10, and 30 nM) while
measuring mEPSCs in all cases at 3 hours after baseline 1
(i.e., at the moment in time that baseline 4 was de-
termined in experiment no. 2) [Fig. 4(a)]. In this way, we
could compare the fully mimicked inactive phase [Fig.
4(a), top line] with a partially mimicked active phase
[Fig. 4(a), second and third lines]. These experiments
showed that three consecutive pulses were necessary
to increase mEPSC frequency (one-way ANOVA, P =
0.003) [Fig. 4(b)]. Applying one or two of the three pulses
did not increase mEPSC frequency compared with

Figure 3. Exposure to decreasing levels of CORT, mimicking the active phase. (a) Application of CORT (100 and 3 nM) quickly increased mEPSC
frequency (100 nM: paired t test, P = 0.0018; 3 nM: paired t test, P = 0.044). Frequency was not changed during subsequent pulses. Baseline
values were decreased after application of decreasing concentrations of CORT (100, 30, and 10 nM; one-way ANOVA, P = 0.0098). Tukey post
hoc testing showed that baseline 4 was lower than baseline 1 (P , 0.05). (b) The mEPSC frequencies of CORT baselines normalized to the mean
of the first baseline. (c) Cumulative distributions of mEPSC frequencies during baselines. Baseline 4 showed a trend toward a leftward shift, but no
significant changes were found. (d) mEPSC frequency of baselines before each of four pulses with vehicle (veh). All bars represent the mean + SEM
per group; the number at the bottom of each bar indicates the number of cells per group. *P , 0.05; #P , 0.05.
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baseline 1, whereas three pulses did;
Tukey post hoc analysis revealed that
baseline mEPSC frequency after three
pulses of 3, 10, and 30 nM was higher
than frequency measured at the same
point in time but after exposure to only
two pulses. The Kolmogorov-Smirnov
test [Fig. 4(d)] did not find differences
other than the one described in Fig.
2(c). The mEPSC amplitude was un-
affected in all schemes [Fig. 4(c) and
4(f)].

We also investigated the need for
multiple pulses to reduce baseline
mEPSC frequency in slices prepared
frommice euthanized at the start of the
active phase. Here too, the number of
pulses to which BLA neurons were
exposed was of significance (one-way
ANOVA, P = 0.008) [Fig. 4(b)]. Post
hoc testing showed that applying only
the first pulse did not affect the baseline
mEPSC frequency measured 3 hours
after the first baseline, but applying the
first two pulses (100 and 30 nM) did
decrease the mEPSC frequency, simi-
lar to three pulses (Tukey post hoc,
baseline 1 active phase vs baseline after
two pulses measured with a delay of
3 hours after the first baseline). The
Kolmogorov-Smirnov test showed that
the cumulative frequency distribution
for two pulses was shifted to the left
compared with baseline 1 (P = 0.009)
[Fig. 4(e)]. The mEPSC amplitude was
affected in none of the cases [Fig. 4(c)
and 4(g)].

Experiment no. 5: tone-cued
fear conditioning

Finally, we probed whether the
circadian rhythm in CORT affects
performance in a behavioral task that
heavily relies on the BLA. We used a
tone-cued fear-conditioning paradigm
in animals trained and tested at the
start of the active phase or at the start
of the inactive phase. In this task, a
tone [conditioned stimulus (CS)] is
linked to an unpleasant foot shock
(unconditioned stimulus). Using a two-
way mixed ANOVA, we found a sig-
nificant interaction between the CS

Figure 4. Requirement of multiple pulses for changing baseline. (a) Schematic overview of
experimental setup. (b) Inactive phase: mEPSC frequency increased only when a sequence of
three pulses mimicking the inactive phase was administered, but not with fewer pulses (one-
way ANOVA, P = 0.003). Tukey post hoc testing showed that the full mimicked inactive
phase had a higher mEPSC frequency vs when only two pulses were applied. Active phase:
mEPSC frequency was decreased with three as well as two pulses (one-way ANOVA, P =
0.008). Tukey post hoc testing showed that two pulses, but not a single pulse, decreased
mEPSC frequency. (c) No effects were seen on mEPSC amplitudes. (d) Cumulative distribution
of inactive phase mEPSC frequencies: Applying only one or two CORT pulses did not shift
this distribution. (e) Cumulative distribution of active phase mEPSC frequencies, applying two
CORT pulses, caused a leftward shift (Kolmogorov-Smirnov, P = 0.009). (f and g) Cumulative
distributions of inactive phase and active phase mEPSC amplitudes. No significant changes
were detected. All bars represent the mean + SEM per group; the number at the bottom of
each bar indicates the number of cells per group. *P , 0.05; **P , 0.01.
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and the active/inactive phase condition, meaning that
depending on the phase, memory formation had different
effectiveness (two-way mixed ANOVA, P , 0.001)
[Fig. 5(a)]. Follow-up analysis revealed that animals
trained and tested at the start of the inactive phase
showed more freezing behavior on the test day than
animals trained and tested at the start of the active phase
(inactive phase: 63.92% 6 3.18% vs active phase:
38.46%6 4.53%; unpaired t test, P, 0.001) [Fig. 5(a)].
To determine whether CORT levels played a role in
performance on tone-cued fear conditioning at the start
of the active phase, we repeated the experiment in ani-
mals treated with the CORT synthesis blocker metyr-
apone (0.4 mg/mL, given continuously from 72 hours
before the start of the training phase until the start of the
testing phase) or vehicle. Data approached normality, so
parametric tests were used. We found an interaction
between the CS and the drug treatment (two-way mixed
ANOVA, P = 0.0019) [Fig. 5(b)]. Follow-up analysis
revealed that animals treated with metyrapone showed
more freezing behavior than vehicle-treated animals
(metyrapone: 53.90% 6 5.26% vs vehicle: 29.70% 6

4.42%; unpaired t test, P = 0.0019) [Fig. 5(b)].

Discussion

Corticosteroid hormones circulate in natural ultradian
and circadian rhythms, including in the brain (7). Studies
over the past decade have demonstrated that the excit-
ability of rodent limbic neurons is influenced by these
variations in corticosteroid level (8–12). For instance, it
was shown using microdialysis that glutamate levels
are under circadian control and that they are highest
during the active phase in the striatum, nucleus accum-
bens, and suprachiasmatic nucleus (13–15). In particular,

spontaneous signaling by glutamate—the brain’s main
excitatory transmitter—can quickly change during shifts
in corticosteroid concentrations, although signaling by
the main inhibitory transmitter GABA is also affected by
corticosteroids (16). Shifts in CORT concentration also
evoke slowly developing changes in glutamate trans-
mission, which potentially moderate rapid effects with a
delay of .1 hour (11, 12). Particularly in the BLA, the
timing and sequence of CORT pulses were found to be of
eminent importance for spontaneous glutamate trans-
mission, as reflected by the frequency (but not the am-
plitude) of mEPSCs. Thus, a brief pulse of 100 nMCORT
was reported to quickly and lastingly increase mEPSC
frequency through a mineralocorticoid receptor (MR)–
dependent pathway (12, 17). This changed the properties
of BLA neurons such that a subsequent pulse of CORT
1 hour later resulted in a glucocorticoid receptor (GR)–
dependent decrease in mEPSC frequency, a phenomenon
called stress metaplasticity.

The observed metaplasticity gives rise to two ques-
tions: first, the mechanism by which it is induced (this
was not the subject of the current study; we only briefly
speculate on this issue later) and second (and a subject of
this study), the potential relevance of metaplasticity for
glutamatergic transmission and BLA-dependent behav-
ioral function in light of circadian and ultradian CORT
fluctuations. Here, we showed that multiple pulses of
increasing and decreasing CORT concentrations—
mimicking pulsatility during the progression of the
mouse’s inactive and active phases, respectively—
generally did not cause quick changes in mEPSC fre-
quency; however, they were sufficient and necessary to
gradually increase or decrease baseline (in-between
pulses) spontaneous glutamate transmission. Prelimi-
nary results suggest that such CORT-induced differences

in basal transmission of the main ex-
citatory transmitter in the BLA may be
relevant for fear memory formation, a
function in which the BLA plays an
essential role.

The electrophysiological part of the
study was performed in vitro because
these lengthy detailed recordings are
incompatible with movement arti-
facts occurring in freely moving mice.
Recordings over the course of 4 to
5 hours can be reliably performed in
brain slices, as also illustrated by the
stability of mEPSC properties when we
administered four pulses of vehicle.
Because we aimed to mimic the pro-
gression of the active and passive
phases with a succession of four pulses,

Figure 5. Performance on a tone-cued fear-conditioning task. (a) Animals trained and tested
at the start of the inactive phase showed higher performance on a tone-cued fear-
conditioning task than animals trained and tested during the active phase (two-way mixed
ANOVA, P , 0.0001; post hoc unpaired t test, P , 0.0001). (b) Animals tested during the
inactive phase that received metyrapone in their drinking water (vs vehicle) showed higher
performance on a tone-cued fear-conditioning task (two-way mixed ANOVA, P = 0.0019;
post hoc unpaired t test, P = 0.0019). All bars represent the mean + SEM per group; the
number at the bottom of each bar indicates the number of animals per group. **P , 0.01;
***P , 0.001.
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we first extended the earlier observation on meta-
plasticity, which was based on two pulses only (12, 17),
to study BLA mEPSC properties during a succession of
four 100-nM CORT pulses. The phenomenon of meta-
plasticity during the first and second pulses was largely
reproduced in the current study. We did find a small but
significant effect on mEPSC amplitude during the second
pulse, which was not observed in earlier studies. It cannot
be excluded that the relatively small sample size may have
given rise to a spurious finding; notably, in none of the
other conditions tested in the current study did we ob-
serve significant changes in mEPSC amplitude, in line
with earlier measurements. The main finding of this first
experiment is that after the second pulse, BLA neurons no
longer responded to 100 nM CORT with rapid changes
in mEPSC frequency or amplitude. This differs from
findings in the CA1 hippocampal region and dentate
gyrus. In these regions, rapid effects of CORT on mEPSC
frequency, AMPA receptor mobility, and synaptic plas-
ticity during a second 100-nM CORT pulse were almost
identical to the responses during the first pulse; attenu-
ated responses were seen during the third pulse, yet some
properties were still significantly affected by a fourth
100-nM CORT pulse in the same direction as the first
(18). Thus, although hippocampal cells remain to some
extent responsive to multiple CORT pulses, BLA cells
gradually become unresponsive.

At this time, we can only speculate about the un-
derlying mechanism. One possibility is that MR and GR
are internalized after activation, similar to themechanism
described for G protein‒coupled receptors (19). If so,
MRs—mediating the rapid response to the first pulse
(12)—would no longer be accessible from the membrane
after the first pulse, and GRs—mediating the rapid re-
sponse to the second pulse (12)—would be absent from
the membrane after the second pulse, rendering BLA
neurons unable to quickly respond to subsequent pulses.
Alternative explanations involve reduced availability of
molecules important for signaling downstream of the
receptors, such as G proteins or second messengers.

Although a succession of four pulses of high CORT
concentration helped to reveal the principle of meta-
plasticity, it most likely is not very relevant for physio-
logical conditions. A rapid succession of very severe
stressors might give rise to brain CORT concentrations
approaching this range, but stress also involves other
hormones, such as CRH and noradrenaline, which are
all expected to change BLA excitability by themselves
and in interaction with each other [e.g., as recently de-
scribed for the b-adrenoceptor agonist isoproterenol and
CORT (17)].

However, pulsatile release of CORT does occur as
part of the ultradian rhythm (3, 20). To mimic such

variations more realistically, we exposed BLA neurons to
pulses of increasing or decreasing concentration. The
pulse duration and interpulse interval were based on
earlier in vitro designs (12, 21). We selected four con-
centrations that covered the entire dose-response curve
for CORT in the BLA and hippocampus, with 3 nM
being the dose that only just did not change mEPSC
frequency, whereas 100 nM induced maximal effects (9,
17). Clearly, this regular pattern and steep rise in con-
centration are only an approximation of the natural
rhythm; however, to date and among all electrophysio-
logical studies on CORT, it most closely approaches the
natural rhythm. Of importance, we prepared slices at
the time of day that was relevant for the pattern (i.e., at
the start of the inactive period in cases of testing pulses of
increasing concentration and at the start of the active
period when studying pulses of decreasing concentration,
thereby aiming to continue the natural ultradian pattern).
Of note, with pulses of increasing concentration, no rapid
CORT effects were discernable, not even in response to
100 nM CORT. Most likely, this was due to an interplay
between delayed and rapid effects of the hormone, re-
vealing an adaptive capacity probably related to the
earlier described metaplasticity. To what extent BLA
neurons remain unresponsive to subsequent pulses of
CORT was not addressed here. In the series with de-
creasing CORT concentrations, the fact that the first
(100-nM) CORT pulse significantly increased mEPSC
frequency suggests that responsiveness may return over
time. This issue awaits further investigation.

The most important finding in these two series of
experiments is that baseline mEPSC frequency (i.e., in
between successive pulses) of BLA neurons mirrored
CORT circadian rhythmicity (i.e., it increased during
pulses mimicking the situation following the start of the
inactive phase and decreased after onset of the active
phase). Earlier, we proposed that the role of the hip-
pocampal MR in mediating rapid effects was a “brain
corticosteroid-sensor” (22), changing the mEPSC fre-
quency in response to ultradian shifts in CORT level. The
present results suggest that BLA neurons—and most
likely other neurons in the brain—may serve a role as
sensors of the circadian rhythm in CORT. This is not
based solely on experiments in which CORT was ad-
ministered exogenously: Neurons in freshly prepared
tissue from animals at the peak of the circadian cycle
exhibited a higher mEPSC frequency than neurons from
animals euthanized at the trough of the cycle. Such cir-
cadian differences are not unprecedented. In the hippo-
campus for instance, LTP is of greater magnitude in brain
slices from animals euthanized in the active phase than in
the inactive phase (23, 24). In several reward circuits,
circadian rhythms also appear to regulate neuronal firing
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rates, as reviewed by Parekh and McClung (25). One of
the mechanisms by which the circadian system affects
central nervous system activity is through corticosteroids
(26). Kole et al. (27) showed that the amplitude of Ca2+

currents in the hippocampus depends on CORT levels
and the time of day. Another study showed that corti-
costeroid rhythmicity is important for motor learning by
demonstrating that CORT peaks induced postsynaptic
dendritic spine formation in the mouse cortex and that
troughs were involved in long-term memory retention by
stabilizing new spines (28).

Although the exogenous or endogenous pulses seem
sufficient to induce this change in baseline mEPSC fre-
quency, our data suggest that they might in fact be
necessary. Thus, one could reason that the first pulse of
CORT evokes delayed (presumably genomic) actions
that some hours later raise mEPSC frequency, regardless
of the application of subsequent pulses. This, however,
was not the case: The increase in mEPSC frequency was
seen only with multiple pulses. We cannot exclude that
this was related to the low CORT concentration of the
first (and second) pulse not reaching the threshold for a
putative delayed genomic action. This seems an unlikely
explanation, however, because we observed a similar
dependency on multiple pulses with the sequence of
decreasing CORT concentrations; in this series, the first
pulse (100 nM) was definitely above the threshold to
evoke delayed genomic actions (29).

Changes in baseline glutamate transmission and re-
sponsiveness to CORT may have consequences for the
degree to which the BLA can engage in behavioral—
especially stressful—actions, such as fear learning. In
general, learning and memory processes are highly reg-
ulated by corticosteroid levels, and they are affected by
circadian rhythms (30–34). We found that fear memory
is more efficient at the start of the inactive phase, when
baseline glutamatergic signaling and plasma CORT
levels are low. This agrees with most studies on this
subject that were recently reviewed (35). These reports
show that fear learning is generally increased for rodents
trained and tested during the inactive phase [but see
(34–37)]. One study did not report differences in ac-
quisition and retrieval but did report facilitated extinc-
tion learning during the active phase (38). Yet another
study showed that hippocampus-dependent context fear
conditioning was more efficient and showed stronger
extinction in the active phase but reported no differences
for tone-cued fear conditioning (39). Light/dark cycle
phase shifts reduced recall of conditioned fear and im-
paired long-term retention of place information (40, 41).
From an evolutionary standpoint, aversive events that
occur during the inactive phase, when animals are usually
retired to their nests, could be highly relevant for survival.

Also, there is an increased probability for post-training
sleep, which is required for memory consolidation (35).
However, there could be many reasons, apart from
CORT rhythmicity, why mice retain fearful memories
better when tested at the nadir than at the peak of the
circadian rhythm. It is well known that a CORT surge
facilitates the consolidation of long-term memories of
emotionally arousing experiences in general, including in
amygdala-mediated fear conditioning (42–46). In addi-
tion to effects on glutamatergic transmission, this in-
volves CORT actions on GABAergic signaling in the
BLA, as was recently demonstrated (16).

To link fluctuations in CORT level more tightly to the
behavioral findings, we administered metyrapone. This
preliminary experiment supports the role of CORT, al-
though the experiment did not prove the necessity of
ultradian CORT pulses. The effectiveness of metyrapone
treatment during the active phase also suggests that
fluctuations in CORT availability per se appear to be
important for fear memory formation, regardless of
circadian variation in locomotor drive. Metyrapone was
earlier found to reliably lower CORT plasma levels
when administered acutely, although smaller doses do
not fully prevent a CORT surge upon stress (46, 47). A
high acute dose of metyrapone was previously used to
dose dependently suppress a CORT surge during fear-
conditioning training and attenuate long-term expression
of contextual fear conditioning (48). Another study in-
vestigated metyrapone-induced effects on fear memory
retrieval specifically and found negative effects of treat-
ment (49). Inmost of these earlier studies, metyrapone was
injected. Unfortunately, in a pilot study we found sub-
stantial stress effects of restraining and injecting the mice
and therefore chose to dissolve metyrapone in the drinking
water. On the basis of a (limited) selection of animals
exposed to a foot shock (but not to tone-cued condi-
tioning) with or without metyrapone pretreatment, it was
evident that the current treatment protocol led to only a
mild (24%) reduction in CORT level 30 minutes after the
foot shock. These CORT values were obtained from an-
imals that did not undergo fear conditioning.

There are several limitations of this preliminary in vivo
observation, however. First, the applied (72-hour) par-
adigm most likely resulted in overall much lower CORT
exposure in mice treated with metyrapone compared
with vehicle, dampening the ultradian pulses and pos-
sibly also the circadian pattern; nevertheless, blockade
of a stress-induced peak, for example, does not neces-
sarily change baseline CORT levels (50). In addition,
there is no indication that the current (mild) dose of
metyrapone shifts the timing of the circadian pattern
(51). These assumptions about circulating ultradian and
circadian pulses could be substantiated by measuring the
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pulses across a 24-hour period. Unfortunately, with the
current technical tools this is not feasible in mice, given
their small blood volume. Second, for the same reason
(i.e., a small volume), one cannot block endogenous
CORT production by metyrapone and replace CORT
pulses in mice through a minipump, as has been suc-
cessfully done in rats (52) and, very recently, in humans
(53). Such experiments would lend more support to our
current preliminary investigation. Third, the interpreta-
tion of the behavioral data should be done with caution
because in our paradigm metyrapone could have affected
acquisition and consolidation as well as retrieval of fear
memories. The final limitation of this experiment comes
from the presumably greater locomotor drive/arousal of
animals in the active phase compared with the inactive
phase. However, it is unlikely that CORT directly
influenced arousal because double-blind administration
of hydrocortisone to humans does not affect self-reported
arousal (54).

In summary, this study demonstrated that CORT
oscillations have significant effects on glutamatergic
signaling in the BLA, globally reflecting the circadian
rhythmicity of CORT. Potentially, this can be of import
for the degree in which BLA engages in behavioral
functions, such as the formation of fearful memories;
however, this awaits more extensive investigation.
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