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Corticotropin-Releasing Factor Increases GABA Synaptic
Activity and Induces Inward Current in 5-
Hydroxytryptamine Dorsal Raphe Neurons
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Stress-related psychiatric disorders such as anxiety and depression involve dysfunction of the serotonin [5-hydroxytryptamine (5-HT)]
system. Previous studies have found that the stress neurohormone corticotropin-releasing factor (CRF) inhibits 5-HT neurons in the
dorsal raphe nucleus (DRN) in vivo. The goals of the present study were to characterize the CRF receptor subtypes (CRF-R1 and -R2) and
cellular mechanisms underlying CRF-5-HT interactions. Visualized whole-cell patch-clamp recording techniques in brain slices were
used to measure spontaneous or evoked GABA synaptic activity in DRN neurons of rats and CRF effects on these measures. CRF-R1 and
-R2-selective agonists were bath applied alone or in combination with receptor-selective antagonists. CRF increased presynaptic GABA
release selectively onto 5-HT neurons, an effect mediated by the CRF-R1 receptor. CRF increased postsynaptic GABA receptor sensitivity
selectively in 5-HT neurons, an effect to which both receptor subtypes contributed. CRF also had direct effects on DRN neurons, eliciting
aninward currentin 5-HT neurons mediated by the CRF-R2 receptor and in non-5-HT neurons mediated by the CRF-R1 receptor. These
results indicate that CRF has direct membrane effects on 5-HT DRN neurons as well as indirect effects on GABAergic synaptic transmis-
sion that are mediated by distinct receptor subtypes. The inhibition of 5-HT DRN neurons by CRF in vivo may therefore be primarily an
indirect effect via stimulation of inhibitory GABA synaptic transmission. These results regarding the cellular mechanisms underlying the
complex interaction between CRF, 5-HT, and GABA systems could contribute to the development of novel treatments for stress-related

psychiatric disorders.
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Introduction

Stress-related psychiatric disorders such as depression and anxi-
ety are frequently characterized by dysfunctions of corticotropin-
releasing factor (CRF) (Nemeroff, 1988; Gold et al., 1995; Ar-
borelius et al, 1999; Reul and Holsboer, 2002) and
5-hydroxytryptamine (5-HT) systems (Charney et al., 1990a,b;
Meltzer, 1990). Stress regulates the 5-HT system in a complex
stressor- and region-specific manner (Kirby et al., 1995, 1997;
Adell et al., 1997). In vivo microdialysis and electrophysiology
studies have shown that a particular stressor, swim stress, inhibits
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5-HT release in certain targets and that this effect is mediated by
the inhibition of 5-HT neuronal activity in the serotonergic dor-
sal raphe nucleus (DRN) by the endogenous release of CRF
(Kirby et al., 1995; Price et al., 2002). Exogenous administration
of CRF alters 5-HT DRN neuronal activity and 5-HT release in
forebrain targets with a U-shaped dose—response function (Price
et al., 1998; Kirby et al., 2000; Price and Lucki, 2001). Both CRF
receptor subtypes (CRF-R1 and -R2) are found in the DRN (De
Souza et al., 1985; Potter et al., 1994; Chalmers et al., 1995) and
both receptors contribute to CRF effects on neuronal activity of
5-HT DRN neurons (Kirby et al., 2000; Pernar et al., 2004). CRF
terminals target both 5-HT and GABA neurons in the DRN (Wa-
selus et al., 2005) and CRF receptors are located on both GABA
and 5-HT DRN neurons (Kirby et al., 2001; Roche et al., 2003;
Day et al., 2004). CRF is thus anatomically poised to regulate
5-HT neurotransmission in the DRN either directly at 5-HT neu-
rons or indirectly via GABAergic afferents to those neurons. The
goal of this study was to determine at the cellular level the recep-
tors underlying these CRF-5-HT interactions by examining the
effects of receptor-selective CRF ligands on 5-HT and non-5-HT
DRN neurons and their GABA synaptic activity in rats. The effect
of the CRF-R1-preferring agonist ovine CRF (oCRF) [eight times
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more potent at the CRF-R1 than -R2 receptor (Lovenberg et al.,
1995)] was compared with the CRF-R2 agonist urocortin II
(UCN II). In addition, oCRF effects were examined in the pres-
ence of the CRF-R1 antagonist antalarmin or the CRF-R2 antag-
onist antisauvagine-30 (ASVG-30).

Materials and Methods

Subjects. Male Sprague Dawley rats (Taconic Farms), 45 weeks of age,
were housed two to three per cage on a 12 h light schedule (lights on at
7:00 A.M.) in a temperature-controlled (20°C) colony room. Rats were
given access to standard rat chow and water ad libitum. Animal protocols
were approved by the Institutional Animal Care and Use Committee and
were conducted in accordance to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Slice preparation. Rats were rapidly decapitated and the head placed in
ice-cold artificial CSF (ACSF) in which sucrose (248 mm) was substituted
for NaCl. The brain was rapidly removed and trimmed to isolate the
brainstem region. Slices (200 wm thick) were cut throughout the rostro-
caudal extent of the DRN using a Leica microslicer (Leica) or Vibratome
3000 Plus (Vibratome) and placed in a holding vial containing ACSF with
I-tryptophan (50 um) at 35°C bubbled with 95% O,/5% CO, for 1 h.
Slices were then maintained in room temperature ACSF bubbled with
95% O,/5% CO,. The composition of the ACSF was as follows (in mm):
124 NaCl, 2.5 KCl, 2 NaH,PO,, 2.5 CaCl,, 2 MgSO,, 10 dextrose, and 26
NaHCO,.

Electrophysiological recording. Slices were transferred to a recording
chamber (Warner Instruments) and continuously perfused with ACSF at
1.5-2.0 ml/min at 32-34°C maintained by an in-line solution heater
(TC-324; Warner Instruments). Only one cell was recorded per brain
slice. Raphe neurons were visualized using a Nikon E600 upright micro-
scope fitted with a 40X water-immersion objective, differential interfer-
ence contrast and infrared filter (Optical Apparatus). The image from the
microscope was enhanced using a CCD camera and displayed on a com-
puter monitor. Whole-cell recording pipettes were fashioned on a P-97
micropipette puller (Sutter Instrument) using borosilicate glass capillary
tubing (1.2 mm outer diameter, 0.69 mm inner diameter; Warner Instru-
ments). The resistance of the electrodes was 4—8 M() when filled with an
intracellular solution of the following (in mm): 70 K-gluconate, 70 KCl, 2
NaCl, 4 EGTA, 10 HEPES, 4 MgATP, 0.3 Na,GTP, 0.1% biocytin, pH 7.3.

Spontaneous IPSC recordings were made in cells located in the dorso-
medial and ventromedial subdivisions of the DRN at the midcaudal lev-
els [corresponding to —7.6 to —8.3 mm caudal to bregma in Paxinos and
Watson (1998)] that contain dense clusters of 5-HT neurons. These DRN
subdivisions were also chosen because previous in vivo studies of CRF
effects on 5-HT DRN neuronal activity were conducted in dorsomedial/
ventromedial DRN 5-HT neurons (Kirby et al., 2000). A visualized cell
was approached with the electrode, a G() seal established, and the cell
membrane ruptured to obtain a whole-cell recording using either a Mul-
ticlamp 700B (Molecular Devices), Axopatch 200B (Molecular Devices),
or HEKA patch-clamp EPC-10 amplifier (HEKA Elecktronik). Series
resistance was monitored throughout the experiment. If the series resis-
tance was unstable or exceeded four times the electrode resistance, the
cell was discarded. Once the whole-cell recording was obtained, IPSCs
were recorded in voltage-clamp mode (V,, = —70 mV). For the Axo-
clamp and Axopatch amplifiers, signals were digitized by Digidata 1320
series analog-to-digital converters and stored on-line using pClamp
7/8/9 software (Molecular Devices). For the HEKA amplifier, signals
were stored on-line using Pulse software. Signals were filtered at 1 kHz
and digitized at 10 kHz. The liquid junction potential was ~9 mV be-
tween the pipette solution and the ACSF and was not subtracted from the
data obtained.

For evoked IPSC (eIPSC) experiments, tungsten stimulating elec-
trodes (World Precision Instruments) were placed dorsolateral (100—
200 pwm distance) to the recorded cell and stimuli delivered with an
IsoFlex stimulus isolator (A.M.P.I.). For these experiments, recorded
cells were located in either the dorsomedial or ventromedial DRN. For
each cell, a stimulus—response curve was generated and a stimulus inten-
sity producing a half-maximal response was used for subsequent paired-
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pulse experiments. For paired-pulse experiments, the interpulse interval
was 50 ms and the interpair interval was 10 s. The mean stimulus inten-
sity was 3.5 £ 0.6 mA with a range of 0.7 to 9.6 mA.

Experimental protocols. GABAergic IPSCs were isolated by addition of
the non-NMDA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX) (20 um) or 6,7-dinitroquinoxaline-2,3(1 H,4 H)-dione
(DNQX) (20 um). Spontaneous IPSCs (sIPSCs) were recorded for 6 min.
Tetrodotoxin (TTX) (1 um) was added to block action potential-
dependent events and miniature spontaneous IPSCs (mIPSCs) were re-
corded for 6—9 min. Ovine CRF or UCN II was then added to the perfu-
sion bath and recorded for 9 min. All statistically significant physiological
effects of oOCRF were then tested for CRF receptor subtype contributions
using selective CRF antagonists. For antagonist experiments, it was not
possible to make within-cell comparisons of the effect of oCRF before
and after the antagonist because oCRF effects were so long lasting (see
Results). Therefore, after baseline mIPSC recording, antalarmin or
ASVG-30 was added and data were collected for 6 min. Next, oCRF was
added and data were collected for 9 min. For stimulation experiments,
baseline paired-pulse data were collected for 10—20 min. Ovine CRF was
then added to the perfusion bath and paired-pulse data were collected for
an additional 10-20 min. In some cells (both spontaneous and evoked
IPSC experiments), the GABA , receptor mediation of IPSCs was verified
at the end of the experiment with the addition of the GABA,, receptor
antagonist bicuculline (20 um). Under these conditions, bicuculline
eliminated all IPSC activity (for example, see Fig. 2A").

Immunohistochemistry. Standard immunofluorescence procedures
were used to visualize the filled cell and neurotransmitter content (Beck
et al., 2004). Slices were postfixed in 4% paraformaldehyde overnight.
Sections were incubated in PBS containing 0.5% Triton and bovine se-
rum albumin (30 min). Sections were then incubated in rabbit a-5-HT
antibody (1:2000; ImmunoStar) for 1 week at 4°C or mouse
a-tryptophan hydroxylase antibody (1:500; Sigma-Aldrich) overnight at
4°C. Subsequently, immunohistochemical labeling was visualized using
an Alexa 488-conjugated donkey a-rabbit secondary antiserum (1:200;
Invitrogen) or FITC-conjugated donkey a-mouse secondary antiserum
(1:200; Jackson ImmunoResearch) for 60 min at room temperature. The
biocytin was visualized using streptavidin-conjugated Alexa 633 or 647
(1:100 or 1:200; Invitrogen) for 60 min at room temperature. Between
incubations, slices were rinsed with phosphate buffer solutions (three
times for 10 min each time). Sections were mounted with ProLong An-
tifade Kit (Invitrogen) on Superfrost Plus slides (Fisher Scientific) and
visualized and captured by digital camera using a Leica DMIRE2 with
Leica confocal software (Leica Microsystems) or Olympus FV300 confo-
cal microscope with FluoView software (Olympus America). When us-
ing the confocal microscope sequential collection (i.e., Alexa 633/647
separately from FITC/Alexa 488), images of 0.6 um thickness were ac-
quired at the level of the cell body of the biocytin-labeled neuron. The
laser power and emission filters were adjusted for both the red and green
fluorophor so that there was minimal possibility of a false-positive result.
No cell was included in the study if it could not be conclusively identified
as either 5-HT- or non-5-HT-containing by immunohistochemistry.

Data analysis. MiniAnalysis software (Synaptosoft) was used to ana-
lyze mIPSC events on the basis of amplitude, rate of rise, duration, and
area. Initially, noise analysis was conducted for each cell and amplitude
detection thresholds set to exceed noise values. Events were automati-
cally selected, analyzed for double peaks, and then visually inspected and
confirmed. Event amplitude histograms were generated and compared
with the noise histogram to ensure that they did not overlap. Synaptic
activity was analyzed for frequency, amplitude, baseline holding current,
rise time (calculated from 10 to 90% of peak amplitude), and decay time
(calculated by averaging 200 randomly selected events and fitting a
double-exponential function from 10 to 90% of the decay phase). The
double-exponential function for the decay phase generates an initial fast
component and a subsequent slow component of the decay phase. Data
were collected in 1 min bins during the 9 min period after drug applica-
tion, taking into account a 2 min lag time from drug addition to initial
drug effect attributable to recording chamber volume and perfusion rate.
The maximum postdrug steady-state value (1 min bin) was reported as
the drug effect for each cell, typically occurring 69 min after drug ap-
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Table 1. Effect of CRF and CRF receptor-selective agonists and antagonists on mIPSC characteristics and inward current in DRN neurons

miPSC fast decay time

mIPSC frequency (Hz) mIPSCamplitude (pA) mIPSCrise time (ms) (ms) mIPSCslow decay time (ms)  Inward current (pA)

5-HT Non-5-HT ~ 5-HT Non-5-HT  5-HT Non-5-HT ~ 5-HT Non-5-HT ~ 5-HT Non-5-HT 5-HT Non-5-HT
Control 67*+06 60*+10 162*+08 293*+38 13*+01 10*x01 36*+02 38*+04 304*+117 235+63 —309+38 —232+87
+ oCRF 87+08 58x11 18613 290*+41 14+01 11x09 44+05 42*05 367161 429+180 —369*+39 —330x91
(N — 26, 13) *¥ *% * *% *%
Control 83+09 47x07 185*x12 190*+20 1.1+01 10x01 33%£02 35*04 30283 149*t24 —188*+27 —236=£50
+ UCN I 8910 56=*07 229*+16 208=*17 11x£01 11x01 41+03 38*+04 32673 179£30 —284+x41 —265=*64
(N — ]6, 14) *% * *%
Control 94*10 18.0 = 2.2 13£0.1 3.6 0.2 15.8 = 2.0 —276 =43 —134+149
+ Anta-

larmin 98+ 1.1 203+ 24 13£0.1 44+03 50.0 *= 20.1 —344+39 —221*189
# # #

+ oCRF 9.5+ 1.0 212121 13 =01 44+ 04 370 £93 —455+41 —274*176
(N=20,6) # # #1
Control 63+ 1.0 18114 1.1£0.1 35202 17.1+40 —258 = 4.1
+ ASVG-30 7.4 = 1.1 206+ 1.8 1101 3602 159 = 3.0 —278 £ 4.0
+ oCRF 88+ 15 2.7 +£17 1.1£0.1 3803 17.0 = 3.6 =274 +37
(N=17) #1 #

Data are expressed as mean (frequency, amplitude, decay time, and inward current) or median (rise time) == SEM.

The asterisks indicate a significant difference from mIPSC controls (*p << 0.05, **p << 0.01) by paired Student’s t test. Antagonist experiments were analyzed by repeated-measures ANOVA. The pound sign (#) indicates a significant difference
from mIPSC controls and the dagger (f) indicates a significant difference from the antagonist baseline by post hoc Student-Newman—Keuls test ( p < 0.05).

plication. Baseline synaptic activity data were compared between exper-
imental groups by one-way ANOVA (or Kruskal-Wallis one-way
ANOVA on ranks for non-normally distributed data). The effects of CRF
agonists on synaptic event characteristics or holding current were ana-
lyzed by paired Student’s ¢ tests (or Wilcoxon’s signed rank test for non-
normally distributed data). The effects of CRF antagonists on synaptic
event characteristics or holding current were presented either as a per-
centage change from baseline (see Figs. 2, 5) or as raw data (Table 1). For
antagonist experiments in which two drugs were applied sequentially
(antagonist plus oCRF), baseline for the antagonist was measured just
before its application (the “no drug” condition). Baseline for the oCRF
that followed was measured just before its application, when the antag-
onist effect had reached steady state. Raw data for CRF antagonist studies
(Table 1) were analyzed by repeated-measures ANOVA (or Friedman’s
repeated-measures ANOVA on ranks for non-normally distributed data)
with post hoc Student—-Newman—Keuls tests for pairwise comparisons. In
Figure 5, antagonist data presented as a percentage change from their
baseline values were analyzed by two-way repeated-measures ANOVA
with post hoc Student—-Newman—Keuls tests for pairwise comparisons. In
Figure 5, oCRF with antagonist pretreatment was compared with oCRF
with “ACSF pretreatment.” These ACSF control data represent a com-
parison of the first to the sixth minute of baseline data during which cells
were exposed only to ACSF. In Figure 2, antagonist data presented as a
percentage change from their baseline values were compared with those
baseline values by paired Student’s ¢ tests (or Wilcoxon’s signed rank test
for non-normally distributed data). In Figure 2, antagonists in combina-
tion with oCRF were also compared with oCRF alone by unpaired Stu-
dent’s t tests (or Mann—Whitney’s rank sum test for non-normally dis-
tributed data). To determine whether presynaptic and postsynaptic
effects of CRF agonists occurred in the same cells, Pearson’s product
moment correlation analysis was performed. The frequency and ampli-
tude of IPSC events in individual cells were also illustrated as cumulative
probability graphs for interevent interval and amplitude and control
versus drug treatments compared by the Kolmogorov—Smirnov test. A
probability of p < 0.05 was considered significant. Most data are reported
as mean = SEM. IPSC rise time, whose frequency distributions were not
normally distributed, was presented as median = SEM.

Evoked IPSC amplitude was calculated by subtracting the peak current
from the current obtained during a 5 ms window immediately preceding
the stimulus artifact. Baseline eIPSC amplitude was averaged from at
least 60 consecutive trials calculated over at least 10 min before drug

application. Stimulus pairs had a 50 ms interstimulus interval witha 10's
interval between pairs. Paired-pulse ratio (PPR) was calculated as the
amplitude of the second eIPSC divided by the amplitude of the first
eIPSC. Ovine CRF effects were determined from the average of at least 60
consecutive trials after drug application. The effect of oCRF on eIPSC
amplitude or PPR was analyzed by comparing pre- and post-oCRF values
by paired Student’s ¢ test.

Drugs. Most chemicals for making the ACSF and electrolyte solution,
as well as antalarmin and ASVG-30, were obtained from Sigma-Aldrich.
DNQX was purchased from Tocris, and TTX was purchased from Cal-
biochem. Antalarmin and DNQX were dissolved in DMSO (final DMSO
concentration in bath, 0.015%). Ovine CRF and UCN II were generously
supplied by Dr. Jean Rivier (Clayton Foundation Laboratories for Pep-
tide Biology, The Salk Institute, La Jolla, CA). Ovine CRF, UCN II, and
ASVG-30 were stored as 10 pg samples (—80°C) and dissolved in ACSF
on the day of the experiment to make a 1.0 mg/ml solution. The final
drug concentrations were as follows: oCRF, 10 nm; UCN II, 10 nM; anta-
larmin, 300 nm; ASVG-30, 100 nm.

Results

Basal IPSC characteristics

Basal IPSC characteristics were examined in 5-HT and non-5-HT
DRN neurons. Total sIPSC frequency (5-HT cells, 5.7 = 1.3 Hz,
N = 6; non-5-HT cells, 5.0 = 1.1 Hz, N = 6) was not statistically
different from mIPSC frequency (5-HT cells, 5.9 * 1.0 Hz, N = 6;
non-5-HT cells, 5.5 = 1.4 Hz, N = 6). This finding indicates that
the majority of spontaneous IPSCs in the DRN are non-action
potential-dependent, representing spontaneous fusion of GABA
vesicles with the presynaptic membrane. As a consequence, sSIPSC
data are not shown in any of the figures. Basal mIPSC frequency,
amplitude, rise time, decay time, and membrane holding current
were also compared between 5-HT and non-5-HT neurons. For
this comparison, baseline data from all experimental groups
(oCRF, UCN II, antalarmin, ASVG-30) were pooled because
ANOVA demonstrated that there were no significant differences
in baseline values for mIPSC frequency, mIPSC amplitude,
mIPSC rise time, mIPSC fast or decay times, or membrane hold-
ing current between these experimental groups (5-HT cells, N =
79; non-5-HT cells, N = 41). The amplitude of mIPSCs was
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significantly smaller in 5-HT than non- A
5-HT neurons (5-HT mIPSC amplitude,
17.5 = 0.7 pA; non-5-HT mIPSC ampli-
tude,22.3 = 1.8 pA; p < 0.01). Median rise
time was greater in 5-HT than non-5-HT
cells (5-HT, 1.21 = 0.04; non-5-HT,
1.01 £ 0.05; p < 0.01). No other mIPSC
characteristics ~ differed between the
groups, indicating that resting membrane
potential and presynaptic GABA release
are similar, whereas postsynaptic GABA
receptors and receptor kinetics differ be-
tween the 5-HT- and non-5-HT-
containing neurons in the basal state.

mIPSC

Ovine CRF, but not UCN II, has
presynaptic actions on spontaneous
GABA release: increasing mIPSC
frequency selectively in 5-HT DRN
neurons

Ovine CRF effects on mIPSC frequency
were examined in 5-HT and non-5-HT
DRN neurons (Fig. 1). The majority of
these recordings were in ventromedial
DRN neurons. Data (basal synaptic activ- i i
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ity and oCRF responses) from the dorso- 0 200
medial DRN neurons did not differ from
ventromedial DRN neurons by unpaired
Student’s t test; therefore, data from both
subdivisions were pooled. These effects
were examined in 26 5-HT neurons re-
corded from 23 subjects and in 13 non-
5-HT neurons recorded from 13 subjects.
Figure 1, A and A’, shows mIPSC activity
recordings and the effect of oCRF (10 nm)
in two neurons that were subsequently
identified to be 5-HT-containing [trypto-
phan hydroxylase-immunoreactive (IR)
positive] (Fig. 1C) and non-5-HT-
containing (tryptophan hydroxylase-IR
negative) (Fig. 1C’) by immunohisto-
chemistry. IPSC frequency was increased
from 6.7 to 8.45 Hz (26%) in response to
oCREF in the 5-HT but not the non-5-HT neuron. Cumulative
probability graphs of interevent interval for each cell (Fig. 1B, B")
illustrate a significant shift to the left in the 5-HT but not the
non-5-HT neuron as IPSC frequency was stimulated by oCRF
(5-HT, Z = 2.45, p < 0.01; non-5-HT, Z = 0.89, NS). IPSCs are
mediated by GABA, receptors because mIPSC frequency was
completely suppressed by the GABA, receptor antagonist bicu-
culline (20 um) under these conditions (data not shown). UCNII
did not alter mIPSC frequency in either 5-HT- or non-5-HT-
containing neurons (N = 16 and 14 neurons recorded from 15
and 11 subjects, respectively).

Data for all the cells are summarized in Table 1. There was a
significant increase in mean mIPSC frequency produced by oCRF
selectively in 5-HT neurons ( p < 0.01). These effects of oCRF
were produced by a 10 nM concentration. Most previous studies
with CRF in brain slices have found effects with this and higher
concentrations of CRF (0.01-1 uMm) (Liu et al., 2004; Nie et al.,
2004; Tan et al., 2004; Kash and Winder, 2006). We tested a
higher concentration of oCRF (100 nm) in 12 5-HT neurons
recorded from eight subjects and found that it produced a small

Figure 1.

Inter-event Interval (ms)

400 600 0 200 400 600
Inter-event Interval (ms)

C!

Ovine CRF enhanced GABAergic mIPSC frequency selectively in 5-HT DRN neurons. A and A" show raw traces of
mIPSCs (recorded in the presence of 1 um TTX) and mIPSCs plus oCRF (10 nm) recorded from a 5-HT (A) and non-5-HT (A’) cell.
Ovine CRF elevated mIPSC frequency from 6.7 to 8.45 Hz in the 5-HT cell but had no effect in the non-5-HT cell. The cumulative
interevent interval graph for the 5-HT cell (B), but not for the non-5-HT cell (B'), illustrates a significant shift to the left (by the
Kolmogorov—Smirnov test, p << 0.01) as mIPSC frequency was stimulated by oCRF. Cand C’ are fluorescent photomicrographs
demonstrating the neurochemical identity of the recorded cells as 5-HT (€) and non-5-HT (C”). The recorded biocytin-filled cells
are shown in red, tryptophan hydroxylase-IR is shown in green, and the merged panels demonstrate either a double-labeled
(yellow) (€) or non-double-labeled cell (red) (C"). Miniature IPSCs were mediated by GABA, receptors as they were completely
suppressed by the GABA, receptor antagonist bicuculline (20 wum) under these conditions (data not shown).

(4.0-5.0 Hz) but nonsignificant increase in mIPSC frequency.
This higher concentration also did not significantly affect any
other aspects of GABA synaptic activity examined (data not
shown) and may reflect the U-shaped dose—effect function of
oCRF on 5-HT neurotransmission that has previously been ob-
served in vivo. Whereas low concentrations of oCRF significantly
inhibit DRN neuronal activity and 5-HT release in forebrain,
higher concentrations produce only marginal or slightly excita-
tory effects (Price et al., 1998; Kirby et al., 2000).

Ovine CRF has presynaptic actions on evoked GABA release:
increasing eIPSC amplitude and decreasing paired-pulse ratio
selectively in 5-HT DRN neurons

The results from mIPSC data indicating an oCRF-induced in-
crease in presynaptic GABA release were confirmed with eIPSC
experiments. Ovine CRF effects on e[PSC amplitude and paired-
pulse ratio were examined in 5-HT and non-5-HT DRN neurons
(Fig. 2). Evoked IPSCs were recorded in 5-HT neurons in the
dorsomedial (N = 14) as well as the ventromedial subdivision of
the DRN (N = 14). Basal eIPSC amplitude, basal PPR, eIPSC
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administration in a 5-HT DRN neuron.

Baseline oCRF Ovine CRF decreased the PPR by 15% in

Bicuculline this neuron. Figure 2 B’ shows that oCRF

2 significantly reduced mean PPR in 5-HT

DRN neurons (p < 0.01). In contrast,

oCRF had no significant effect on mean

100 pA 200 pA I?PR in non-5-HT neurons (N = 7; base-

 oCRF 10 ms 30 ms line values, 0.75 = 0.06; oCRF values,

0.74 = 0.06). Antagonism experiments

A B’ (Fig. 2A") demonstrated that, whereas
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Figure2.  Ovine CRF selectively increased amplitude of evoked IPSCs and decreased paired pulse ratio in 5-HT DRN neurons. A~ gands onto brain slices in other studies

illustrates three traces of evoked IPSCs (averaged from 60 elPSCs under each condition: baseline, oCRF, and bicuculline) from a
5-HT neuron. Ovine CRF (10 nm) elevated elPSC amplitude in this cell from 163 pA (baseline) to 210 pA. Addition of GABA,
antagonist bicuculline (20 wum) abolished elPSCamplitude. A" illustrates the finding that oCRF significantly elevated mean elPSC
amplitude above baseline values for both the first and second elPSCs in a pair (N = 28; p << 0.01). A” shows that both oCRF and
the CRF-R1 antagonist antalarmin (300 nu) elevated elPSC amplitude above baseline ( p << 0.01), but the effect of o(RF was
significantly diminished in the presence of antalarmin ( p << 0.01) (N = 15). B shows paired-pulse traces from a 5-HT neuron
(averaged from 60 pairs under each condition: baseline and oCRF). Ovine CRF decreased PPR from 0.68t0 0.58. B” shows that o(RF
significantly decreased the mean PPRin 5-HT DRN neurons below baseline values (N = 28;p << 0.01). B” shows that the inhibition
of eIPSCPPR by oCRF in 5-HT DRN neurons ( p << 0.01) was blocked by antalarmin ( p << 0.01) (N = 15). Neither elPSCamplitude

(Rainnie et al., 1992; Ungless et al., 2003;
Jedema and Grace, 2004; Kash and
Winder, 2006; Ugolini et al., 2008). The
persistence of this CRF receptor-mediated
effect has been suggested to reflect slow
kinetics of dissociation of CRF from its re-
ceptors in the brain slice preparation
(Ugolini et al., 2008).

nor PPR was affected by oCRF in non-5-HT DRN neurons (data not shown). For antagonist experiments (4”, B”), in which the

antagonist and oCRF were applied sequentially, a separate baseline was calculated for each drug from measures taken just before
application of the drug. The asterisks indicate a significant difference from baseline values by paired ¢ test (**p << 0.01), and the
pound signs indicate a significant difference from oCRF by unpaired ¢ test (*p << 0.01). Data are expressed as mean = SEM.

response to oCRF, and PPR response to oCRF did not differ
between cells in these two DRN subdivisions, as determined by
unpaired Student’s ¢ test. For this reason, data from all 5-HT
DRN cells were pooled (N = 28 neurons recorded from 17 sub-
jects) in Figure 2, A" and B’. Figure 2 A shows eIPSCs averaged
from 60 events before (baseline) and after oCRF administration
(29% increase) in a 5-HT DRN neuron. Figure 2A" shows that
oCREF significantly elevated mean eIPSC amplitude in 5-HT DRN
neurons for both the first and second eIPSCs in a pair ( p < 0.01).
In contrast, oCRF had no significant effect on mean eIPSC am-
plitude in non-5-HT DRN neurons (N = 7 neurons recorded
from seven subjects; e[PSC1 baseline values, 157 = 29 pA; eIPSC1
oCREF values, 179 * 21 pA; eIPSC2 baseline values, 121 % 27 pA;
eIPSC2 oCRF values, 136 * 23 pA). Bicuculline completely sup-
pressed eIPSC amplitude, indicating that eIPSCs were mediated
by the GABA, receptor (Fig. 2A). Figure 2 B shows paired-pulse
data averaged from 60 pairs before (baseline) and after oCRF

Ovine CRF and UCN II have
postsynaptic actions on GABA
receptors: increasing mIPSC amplitude
selectively in 5-HT DRN neurons

Ovine CRF and UCN II (10 nMm) effects on
mIPSC amplitude were examined in 5-HT and non-5-HT DRN
neurons (Fig. 3). Figure 3, A and B, are mIPSC traces averaged
from 200 events before (control) and at the maximal steady-state
effect of OCRF in a 5-HT-containing and a non-5-HT-containing
DRN neuron. In agreement with the e[PSC results, oCRF ele-
vated mIPSC amplitude by 17% in the 5-HT but not the non-
5-HT neuron. This effect is further illustrated as a significant shift
to the right of the cumulative probability graph of amplitude for
the 5-HT (Fig. 3A") (Z = 1.70; p < 0.01) but not the non-5-HT
neuron (Fig. 3B") (Z = 0.89; NS). UCN Il effects were recorded in
16 5-HT neurons recorded from 15 subjects and in 14 non-5-HT
neurons recorded from 11 subjects. Figure 3, Cand D, are mIPSC
traces averaged from 200 events before (control) and at the max-
imal steady-state effect of UCN II in a 5-HT-containing ( C) and
a non-5-HT-containing DRN neuron (D). UCN II elevated
mIPSC amplitude by 21% in the 5-HT but not the non-5-HT
neuron. This effect is further illustrated as a significant shift to the
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right of the cumulative probability plot of
amplitude for the 5-HT (Fig. 3C") (Z =
2.46; p < 0.01) but not the non-5-HT neu-
ron (Fig. 3D") (Z = 1.26;NS). The data for
all of the cells recorded with oCRF and
UCN II are summarized in Table 1. The in-
crease in amplitude produced by oCRF and
UCN 1I in 5-HT-containing neurons was
significant ( p <0.01) asshownin Table 1.In
contrast, there was no significant change in
mIPSC amplitude in non-5-HT-containing
neurons.

A correlation analysis was performed to
determine whether the presynaptic and
postsynaptic actions of CRF agonists were
observed in the same cells. There was a sig-
nificant positive correlation between
oCREF effects on mIPSC frequency and
amplitude in individual 5-HT DRN neu-
rons (r = 0.59; p < 0.01). Although UCN
II did not have a significant effect on
mIPSC frequency, there was a significant
positive correlation between UCN II ef-
fects on mIPSC frequency and amplitude
(r=10.80; p < 0.01).

Ovine CRF and UCN II have direct
postsynaptic effects on 5-HT neurons
Ovine CRF and UCN II effects on inward
current were examined in 5-HT and non-
5-HT DRN neurons (Fig. 4). Figure 4A
shows oCRF (100 nMm) increasing the in-
ward current by 15 pA in a 5-HT DRN
neuron from an initial holding current of
—9 pA to a maximal steady-state effect of
oCRF at —24 pA. Ovine CRF (10 nm) sig-
nificantly increased inward current by
7-10 pAin both 5-HT and non-5-HT neu-
rons ( p < 0.01), as shown in Table 1 and
Figure 4 B. Figure 4B further shows that
the effect in 5-HT neurons is dose-
dependent with a higher 100 nm dose pro-
ducing an increase of inward current ( p <
0.05) of greater magnitude. Whereas
oCRF produced an inward current in all
DRN cells, UCN II was more selective, sig-
nificantly increasing inward current in
5-HT ( p < 0.01) but not non-5-HT neu-
rons (Table 1). This is further illustrated in
Figure 4C because UCN II produced a 10
PA mean inward current in 5-HT neurons
(p < 0.01) compared with a 3 pA inward
current in non-5-HT neurons (NS).

Ovine CRF and UCN II alter GABA
receptor kinetics: increasing mIPSC fast
decay time in 5-HT DRN neurons

Ovine CRF and UCN II effects on mIPSC
fast decay time were examined in 5-HT
and non-5-HT DRN neurons (Table 1).
Both ligands produced a similar signifi-
cant ( p < 0.05) increase in fast decay in
5-HT neurons (see examples in Fig. 3A,C)
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Figure3. Ovine CRFand UCN Il enhanced GABAergic mIPSCamplitude selectivelyin 5-HT DRN neurons. A and B show averaged

mIPSCs (from 200 events) recorded in a 5-HT (4) and non-5-HT (B) cell: the gray line represents mIPSCs before and the black line
represents mIPSCs after oCRF administration. Ovine CRF (10 nw) increased mIPSC amplitude from 19.9 to 23.3 pA in the 5-HT cell
buthad no effect in the non-5-HT cell. The cumulative probability plot of amplitude was shifted to the right by oCRF administration
for the 5-HT cell (A”) (Kolmogorov—Smirnov test, p << 0.01) but not for the non-5-HT cell (B). Cand D show averaged mIPSCs
(from 200 events) recorded in a 5-HT (€) and non-5-HT (D) cell: the gray line represents mIPSCs before and the black line represents
mIPSCs after UCN Il administration. UCN 11 (10 nm) increased mIPSC amplitude from 24 to 27 pA in the 5-HT cell but had no effect
inthe non-5-HT cell. The cumulative probability graph of amplitude was shifted to the right by UCN Il administration for the 5-HT
cell (€") (Kolmogorov—Smirnov test, p << 0.01) but not for the non-5-HT cell (D’).
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Figure4. Ovine CRFand UCN Il enhanced inward current in DRN neurons. 4 shows that 100
nm oCRF increased the inward current by 15 pA in a 5-HT DRN neuron from an initial holding
current of —9 pA to a maximum of —24 pA. B shows that oCRF dose-dependently increased
mean inward currentin 5-HT neurons (10 nm: 7 pA, N = 26; 100 nm: 13 pA, N = 12),and 10 nm
oCRF alsoincreased meaninward currentin non-5-HT neurons (10 pA; N = 13).In contrast, UCN
I1(10 nw) only increased inward current in 5-HT-containing neurons. Cshows that UCN Il signif-
icantly increased mean inward current by 10 pAin 5-HT-containing neurons (N = 16) compared
with 3 pA in non-5-HT cells (V = 14). In A, the time break (double bar) represents 2 min.
(alibration: vertical, 20 pA; horizontal, 10 s. The asterisks indicate a significant inward current
(*p < 0.05; **p < 0.01). Data are expressed as mean = SEM.

but not in non-5-HT neurons (see examples in Fig. 3 B, D). Rise time
as well as the slow component of the mIPSC decay time were unaf-
fected by any drug treatments in 5-HT and non-5-HT DRN neurons
(Table 1).

CRF-R1 and CRF-R2 antagonists selectively block the effects
of oCRF

Ovine CREF effects on GABA synaptic activity [mIPSC frequency
(Fig. 5A), amplitude (Fig. 5B)], and inward current (Fig. 5C)
were examined in the presence of the CRF-R1-selective antago-
nist antalarmin (300 nM) or the CRF-R2-selective antagonist
ASVG-30 (100 nm) in 5-HT DRN neurons (Fig. 5). Antagonist
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Figure5.  Ovine CRF effects on GABA synaptic activity and membrane characteristics in 5-HT DRN

neurons were differentially mediated by CRF-R1 and CRF-R2 receptor subtypes. 4 illustrates o(RF
effects (10 nm) on mean mIPSC frequency (expressed as a percentage of baseline) in the presence of
ACSF or the CRF-R1-selective antagonist antalarmin (300 nm) or the CRF-R2-selective antagonist
ASVG-30 (100 nm). The significant elevation of mIPSC frequency by oCRF (A) was blocked by anta-
larmin but not by ASVG-30, indicating that this effect was mediated by the CRF-R1 receptor subtype.
Billustrates oCRF effects on mean mIPSC amplitude (expressed as a percentage of baseline) in the
presence of ACSF or the receptor-selective antagonists. The significant elevation of mIPSC amplitude
by oCRF (B) was blocked by both antalarmin and ASVG-30, indicating that this effect was mediated by
both the CRF-R1 and CRF-R2 receptor subtypes. Cillustrates oCRF effects on mean inward current in
the presence of ACSF or the receptor-selective antagonists. The significant change in mean inward
current by oCRF (€) was blocked by ASVG-30 but not by antalarmin, indicating that this effect was
mediated by the CRF-R2 receptor subtype. Intrinsic effects of antalarmin and ASVG-30 on mIPSC
amplitude are also demonstrated. For these experiments in which the antagonist and oCRF were
applied sequentially, a separate baseline was calculated for each drug from measures taken just before
application of the drug. Post hoc Student—Newman—Keuls tests show significant group differences
indicated by asterisk (*) (vs ACSF) or pound sign (#) (vs ACSF + oCRF) ( p << 0.05). Data are expressed
asmean == SEM.
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effects were also examined on mIPSC rise and decay times (Table
1). These concentrations of antagonist were ~100 times their
affinity for their respective receptors (Webster et al., 1996; Riih-
mann et al., 1998; Higelin et al., 2001). Antalarmin effects were
examined in 20 5-HT neurons recorded from 13 subjects;
ASVG-30 effects were examined in 17 5-HT neurons recorded
from 15 subjects.

In the absence of an antagonist, oCRF significantly elevated
mlIPSC frequency (Fig. 5A, Table 1) ( p < 0.01), amplitude (Fig.
5B, Table 1) ( p < 0.01), fast decay time (Table 1) ( p < 0.05), and
inward current (Fig. 5C, Table 1) ( p < 0.01). Table 1 shows that
antalarmin blocked the effect of oCRF on mIPSC frequency, am-
plitude, and fast decay time, but not on inward current [ x:(2) =
18.9; p < 0.01]. ASVG-30 blocked the oCRF effect on mIPSC
amplitude, fast decay time, and inward current, but not on
mIPSC frequency [x*(2) = 8.94; p < 0.05]. The data are pre-
sented in a different manner as percentage change from baseline
in Figure 5. Antalarmin blocked the effect of oCRF on mIPSC
frequency (Fig. 5A) [significant main effect of antalarmin: F,
= 5.47, p < 0.05; and significant interaction of antalarmin by
oCREF: F(, 44, = 4.40, p < 0.05; post hoc comparisons show oCRF
significantly elevated mIPSC frequency in the absence ( p < 0.05)
but not the presence of antalarmin, and the effect of oCRF was
significantly reduced in the presence of antalarmin compared
with its effect in the presence of ACSF (p < 0.05)]. However,
antalarmin did not block the effect of oCRF on inward current
(Fig. 5C) (significant main effects of antalarmin: F, ,,, = 10.08,
p < 0.01; oCRF: F(, 44y = 8.24, p < 0.01; but no interaction
between these factors). In contrast to antalarmin, ASVG-30
blocked the effect of oCRF on inward current (Fig. 5C) [signifi-
cant interaction of ASVG-30 by oCRF: F, ,,, = 5.73, p < 0.05;
post hoc comparisons show that oCRF significantly elevated in-
ward current in the absence ( p < 0.05) but not the presence of
ASVG-30 and the effect of oOCRF was significantly reduced in the
presence of ASVG-30 compared with its effect in the presence of
ACSEF ( p <0.05)]. However, ASVG-30 did not block the effect of
oCRF on mIPSC frequency (Fig. 5A) (no significant interaction
between ASVG-30 and oCRF). While in the presence of ACSF,
oCRF significantly elevated mIPSC amplitude ( p < 0.05), and in
the presence of either antagonist, oCRF was unable to signifi-
cantly elevate mIPSC amplitude above its baseline, indicating
that both antagonists block this effect as well (Fig. 5B) (significant
interaction of antalarmin by oCRF, F, ,,) = 5.90, p < 0.05; sig-
nificant interaction of ASVG-30 by oCRF, F(, 4,y = 7.72, p <
0.01). Based on these data, we conclude that the actions of o CRF
on mIPSC frequency are mediated by CRF-R1, the actions on
mIPSC amplitude and decay time by both CRE-R1 and CRF-R2,
and the actions on inward current by CRF-R2.

Interestingly, we found that both antagonists had intrinsic
effects indicating the possibility that these antagonists had partial
agonist activity (see Discussion) (Fig. 5, Table 1). Both anta-
larmin and ASVG-30 increased mIPSC amplitude (Fig. 5B) (p <
0.05 by post hoc Student-Newman—Keuls test) (Table 1)
(ANOVA, antalarmin: F(, 55, = 8.29, p < 0.01; ASVG-30: F, 5,
= 9.18, p < 0.01; p < 0.05 by post hoc Student—Newman—Keuls
test). Antalarmin increased mIPSC fast decay time (Table 1)
(ANOVA: F, 35, = 6.48, p < 0.01; p < 0.05 by post hoc Student—
Newman—Keuls test). Antalarmin also had an effect on inward
current (Table 1) (x*(2) = 18.9, p < 0.01; p < 0.05 by post hoc
Student—-Newman—Keuls test). The one significant effect pro-
duced by oCRF in non-5-HT neurons was an increase in inward
current (Table 1) (p < 0.01). In contrast to what was found in
5-HT neurons in which the increase in inward current was
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blocked by ASVG-30 and also produced by UCN 11, this effect in
non-5-HT neurons was blocked by antalarmin (F(, 5y = 0.97;
NS) and not produced by UCN II, indicating that the effect is
mediated by CRF-R1 receptors.

Discussion

CRF, a neuromodulator, regulates stress-induced behaviors
through participation in neural circuitries that are still being de-
fined. Our data provide important new information regarding
the effects of CRF in the DRN. We conclude, based on our data,
that CRF modulates 5-HT DRN neurons in a direct as well as
indirect manner on GABAergic synaptic activity and that it does
so via different CRF receptor subtypes. Whereas CRF effects on
presynaptic GABA release were mediated by CRF-R1, its direct
postsynaptic effects on inward current were mediated by CRF-R2
and on GABA receptors were mediated by both receptor sub-
types. In contrast, CRF induced inward current by CRF-R1 re-
ceptor activation in non-5-HT neurons. The selectivity of CRF
effects further suggest that there are distinct GABAergic afferents
targeting different neurochemical populations of DRN neurons
and that these afferents are differentially responsive to CRF.

Direct effects of CRF on DRN neurons

Ovine CRF induced an increase in inward current in DRN neu-
rons. Interestingly, this effect was mediated by different CRF re-
ceptor subtypes on different neurochemical populations (i.e.,
5-HT neurons by the CRF-R2 receptor and non-5-HT neurons
by the CRF-R1 receptor). In support of our findings, anatomical
data show CRF-R2 receptors at midlevels of the DRN located
almost exclusively on 5-HT neurons (Day et al., 2004), the same
area in which we recorded. Unfortunately, the neurochemical
identity of the non-5-HT neurons is unknown. Approximately
one-half of DRN neurons are non-5-HT (Steinbusch et al., 1980;
Descarries et al., 1982; Kohler and Steinbusch, 1982; Jacobs and
Azmitia, 1992; Baumgarten and Grozdanovic, 1997). One prom-
inent population of non-5-HT DRN neurons is GABAergic
(Allers and Sharp, 2001, 2003). These GABA neurons express
CRF-RI receptors (Roche et al., 2003). If at least some of the
recorded non-5-HT neurons were GABAergic, our data indicate
that postsynaptic CRF-R1 receptors increase inward current in
GABA neurons.

Presynaptic effects of oCRF on GABA synaptic activity
Converging evidence from both spontaneous and evoked IPSC
experiments indicate that oCRF elevated presynaptic GABA re-
lease at 5-HT DRN neurons. Ovine CRF increased mIPSC fre-
quency, indicating enhanced probability of GABA release from
presynaptic terminals. There was large variance in mean basal
mIPSC frequency of 5-HT neurons in different drug experiments
(Table 1). The lack of drug-induced increases of mIPSC fre-
quency in the antalarmin and UCN II experiments could theo-
retically be produced by a “ceiling effect” attributable to their
higher basal mIPSC frequencies. However, linear regression anal-
ysis, both within and between groups, showed that there was no
relationship between basal mIPSC frequency and subsequent
oCRF or UCN II response, making this interpretation unlikely.
An additional indication of enhanced presynaptic neurotrans-
mitter release (Zucker, 1989; Dobrunz and Stevens, 1997; Melis et
al., 2002) was that oCRF also increased eIPSC amplitude while
decreasing eIPSC PPR.

An increase in GABA release by CRF-R1 presynaptic receptor
activation would lead to a decrease in DRN neuronal activity, an
effect that is consistent with previous studies. In vivo studies show
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Figure 6.

Model of CRF actions in the DRN. This schematic models the effects of low and high doses of CRF on 5-HT, non-5-HT,
and GABA neurons in the DRN. At 5-HT neurons, low doses of CRF activate CRF-R1 receptors, enhancing presynaptic GABA release
and postsynaptic GABA receptor sensitivity, which result in the netinhibition of 5-HT neurons. High doses of CRF act also at CRF-R2
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neurotransmitter release, driven by the
changes in mIPSC frequency (Behrends
and ten Bruggencate, 1998). This would
not explain the CRF-R2-mediated in-
crease in amplitude, but we cannot rule
out this possibility for the CRF-R1
receptor-mediated actions. Nonetheless,
the net effect of either increased postsyn-
aptic receptor sensitivity or increased neu-
rotransmitter release would enhance
GABAergic inhibition of the postsynaptic
neuron. Therefore, our interpretation of
mIPSC frequency and amplitude data are
that oCRF enhanced GABAergic inhibi-
tion of the target 5-HT DRN neuron by
multiple mechanisms. These data agree
with studies conducted in other brain re-
gions demonstrating that CRF enhances
GABAergic synaptic activity at the presyn-
aptic or postsynaptic level and is mediated
by different CRF receptors (Nie et al.,
2004; Kash and Winder, 2006). In sum, an
emerging theme is that CRF enhances
GABA synaptic transmission by different
CREF receptor subtypes acting at presynap-
tic or postsynaptic sites, often in the same
cell.

receptors on 5-HT neurons, resulting in the net excitation of 5-HT neurons. CRF also increases the excitability of non-5-HT neurons

via CRF-R1 receptors.

that certain stressors inhibit 5-HT release via endogenous CRF
(Price et al., 2002) and activation of CRF-R1 by low doses of
oCRF inhibits 5-HT DRN neuronal activity (Kirby et al., 2000)
and 5-HT release (Price et al., 1998; Price and Lucki, 2001). Ul-
trastructural studies show greater contacts of CRF terminals with
GABA-labeled than with 5-HT-labeled dendrites and also CRF
terminals in contact with GABA terminals (Waselus et al., 2005).
Functional neuroanatomy studies using c-fos demonstrate that
swim stress engages a population of CRF-R1 receptor-expressing
GABAergic DRN neurons (Roche et al., 2003). Our data provide
electrophysiological evidence for this circuitry at a single-cell lev-
el: CRF-RI1 activation elevates presynaptic GABA release at 5-HT
DRN neurons and increases inward current in non-5-HT puta-
tive GABA neurons.

Postsynaptic effects of oCRF on GABA synaptic activity

In addition to increasing the release of GABA onto 5-HT DRN
neurons, oCRF increased mIPSC amplitude and fast decay time,
indicating an increase in the sensitivity, number, or open time of
the activated GABA , receptor-ionophore. These effects were me-
diated by both CRF-R1 and CRF-R2 subtypes. A correlation anal-
ysis demonstrated that the presynaptic and postsynaptic actions
of CRF agonists were observed in the same cells. Potentially, if
mIPSC amplitude is increased, it is more likely to be detected
above noise levels, thus artificially elevating mIPSC frequency.
However, noise histograms and amplitude histograms were
clearly separated for each recorded cell, and presynaptic and
postsynaptic effects were mediated by different receptor sub-
types, making this technical argument unlikely. For example,
ASVG-30 blocked oCRF-induced elevation of mIPSC amplitude
but spared the oCRF effect on mIPSC frequency in the same cell
population. Another potential interpretation is that CRF agonist-
induced elevations of mIPSC amplitude reflect an increase in

Intrinsic antagonist effects

Both CRF receptor antagonists had intrin-
sic effects on several physiological measures in this preparation.
Antalarmin increased mIPSC amplitude, mIPSC fast decay time,
and inward current, whereas ASVG-30 increased mIPSC ampli-
tude. These intrinsic effects indicate that the antagonists may
have partial agonist activity. Minimal partial agonist activity has
been reported for these antagonists in other preparations (Riih-
mann et al., 1998; Lawrence et al., 2002).

Neurochemical selectivity of oCRF effects

All of the effects of oCRF on GABAergic synaptic activity oc-
curred selectively in recordings from 5-HT, and not non-5-HT,
DRN neurons. These data indicate that select GABA afferents
target distinct neurochemical populations of DRN neurons and
these select afferents are differentially responsive to oCRF. This
finding complements recent data from our laboratory demon-
strating distinct glutamatergic afferents to neurochemically dis-
tinct populations of DRN neurons that are also differentially re-
sponsive to stress (Kirby et al., 2007). Therefore, the anatomical
design of the DRN enables stressors and stress hormones to se-
lectively modulate distinct populations of DRN neurons via both
excitatory and inhibitory afferents. This arrangement may con-
tribute to the complex stressor-specific and region-specific re-
sponses of the 5-HT system to stress (Kirby et al., 1995, 1997;
Adell et al., 1997).

Functional implications

These data provide functional evidence for the cellular mecha-
nisms and circuitry underlying the interactions between the stress
neurohormone CRF and the 5-HT system. Previous studies char-
acterizing oCRF effects on 5-HT neurotransmission in vivo indi-
cated a U-shaped dose-response curve for oCRF: inhibiting
5-HT neuronal activity and release at low doses, stimulating
5-HT neuronal activity and release at higher doses (Price et al.,



12936 - J. Neurosci., November 26, 2008 - 28(48):12927-12937

1998; Kirby et al., 2000; Price and Lucki, 2001). Because oCRF is
eight times more potent at CRF-R1 than CRF-R2 receptors
(Lovenberg et al., 1995), low doses act primarily at CRF-R1 re-
ceptors, whereas higher doses activate CRF-R2 receptors. Our
data support a model (Fig. 6) whereby activation of CRF-R1 re-
ceptors by low doses of oCRF stimulates presynaptic GABA re-
lease and enhances postsynaptic GABA receptor sensitivity at
5-HT neurons, indirectly inhibiting their activity and 5-HT re-
lease. Higher doses of oCRF activate CRF-R2 receptors on 5-HT
neurons, resulting in their depolarization, increased activity and
release of 5-HT. This model is supported by our finding that
CRF-R1 receptor-mediated increases in presynaptic GABA re-
lease are observed maximally at the lower dose of oCRF tested,
whereas the CRF-R2-receptor-mediated inward current is dose
dependent, with the greatest effect produced by the higher dose of
oCREF tested. Additional support for this model comes from stud-
ies of the CRF-R2-selective agonist urocortin II, which, at higher
doses, activates 5-HT DRN neuronal activity (Pernar et al., 2004)
and 5-HT release in terminal fields (Amat et al., 2004). Previous
studies identified inhibitory actions of particular stressors on the
5-HT system (Kirby et al., 1995, 1997; Adell et al., 1997) that were
mediated by CRF (Price et al., 2002). In this way, particular stres-
sors initiate the release of CRF in the DRN that stimulates both
presynaptic GABA release and postsynaptic GABA receptor sen-
sitivity on 5-HT DRN neurons, resulting in inhibition of 5-HT
neuronal activity and forebrain 5-HT release. This raphe circuitry
provides a framework for understanding how exposure to stress
can lead to 5-HT dysfunction, potentially contributing to stress-
related psychopathology such as anxiety and depression. The
findings from our studies add important information to the un-
derstanding of the complex neural circuitries underlying stress
regulation and stress-mediated mood disorders. Novel com-
pounds directed at the CRF or GABA receptors identified to be
key within this neural circuitry may be useful in the treatment of
mood and anxiety disorders.
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