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Cerebrospinal Fluid Corticotropin-Releasing Hormone
Levels Are Elevated in Monkeys with Patterns of Brain
Activity Associated with Fearful Temperament

Ned H. Kalin, Steven E. Shelton, and Richard J. Davidson

Background: Asymmetric patterns of frontal brain activ- Thus, rhesus monkeys are an excellent species in which to
ity and brain corticotropin-releasing hormone (CRH) investigate the biological underpinnings of anxiety, de-
systems have both been separately implicated in thgression, and fearful temperament (Kalin and Shelton
processing of normal and abnormal emotional responses; g9gg). Assessing asymmetric patterns of electrical activity
Previous studies in rhesus monkeys demonstrated thatym frontal brain regions is particularly informative in
individuals with extreme right frontal asymmetric brain 4o standing individual differences in emotionality. In
electrical activity have high levels of trait-like fearful L . : o
rhesus monkeys, individual differences in asymmetric

behavior and increased plasma cortisol concentrations. X . . .
. . . frontal electrical activity remain stable over time, suggest-
Methods: In this study we assessed cerebrospinal fluid.

(CSF) CRH concentrations in monkeys with extreme Ief@g that this is a trait cha}racteristic (Kalin et al 1998.61)'
and extreme right frontal brain electrical activity. CSF ompared to monkeys with extreme left frontal activity,

was repeatedly collected at 4, 8, 14, 40, and 52 months dhose with relative right frontal activity exhibit more
age. T fear-related behaviors, such as freezing and defensive

Results: Monkeys with extreme right frontal brain activity hostility (Kalin et al 1998a). Animals with extreme asym-

had increased CSF CRH concentrations at all ages meametric right frontal activity also have elevated basal
sured. In addition, individual differences in CSF CRH Plasma levels of the stress hormone, cortisol (Kalin et al

concentrations were stable from 4 to 52 months of age. 1998a). In addition, individual differences in freezing are
Conclusions: These findings suggest that, in primates, thecorrelated with basghqe cortisol concentrations (Kalin et
fearful endophenotype is characterized by increased fear@l 1998b). These findings are relevant to understanding
ful behavior, a specific pattern of frontal electrical activ- PSychopathology, because studies in humans also demon-
ity, increased pituitary—adrenal activity, and increased strate stability in individual differences in the degree of
activity of brain CRH systems. Data from other preclinical asymmetric frontal electrical activity (Tomarken et al
studies suggests that the increased brain CRH activity may992), and humans with asymmetric right frontal activity
underlie the behavioral and p_hysiologic_al characteristics tend to have dispositionally negative affect. In addition,
of fearful endophenotypeBiol Psychiatry 2000;47: extreme right frontal asymmetric electrical activity has
579-585 ©2000 Society of Biological Psychiatry been associated with anxiety and depressive disorders
. (Davidson 1995).
Key Words: CRH, monkeys, fear, temperament, brain - cqicotropin-releasing hormone (CRH) is a neuropep-
activity tide that is fundamental in mediating the stress response
and is hypothesized to play a mechanistic role in mediat-
Introducti ing fear, anxiety, and depression (De Souza 1995; Vale et
ntroauction al 1981). CRH-containing neurons and CRH receptors are
hesus monkeys and humans exhibit similarities infound throughout numerous brain regions (De Souza et al
fear-related behavioral responses (Kalin et al 1989)1985; Swanson et al 1983) and CRH-containing neurons
hypothalamic—pituitary—adrenal (HPA) activity (Lyons et located in the hypothalamic paraventricular nucleus
al 1999), and patterns of brain electrical activity (Davidson(PVN) are largely responsible for stress-induced activation
et al 1992; Davidson et al 1993). Both species also exhibiof the peripheral pituitary—adrenal system (Plotsky et al
individual differences in their propensity to engage in1984; Swanson et al 1983). CRH neurons and receptors
fearful behaviors (Kagan et al 1988; Kalin et al 1989).located in the limbic structures, brain stem, and cortex are
important in mediating the autonomic and behavioral
From the Departments of Psychiatry (NHK, SES, RJD) and Psychology (NHK,aSpeCtS of th_e stress response (Bu'[ler_et al 1990; Curtis et
RJD), University of Wisconsin, Madison. al 1997; Swiergiel et al 1992). In primate and human
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CRH systems (Kalin et al 1987; Nemeroff et al 1984), andage group i = 17), theleft group was comprised of 4 females
data suggest that CSF concentrations reflect activity ofind 4 males, and the right group had 6 females and 3 males. The
brain CRH systems in areas other than the PVN (Kalin efxact ages when CSF was collected were as follows: 4-month
al 1987). group X = 3.9 months; range= 3.2-4.8 months), 8-month

Clinical research indicates that some, but not all, indi-9"°4P 9(_211'2 mo”tt:Sf rangeclg.é—gfgmont?hs), i‘é’monttu
viduals with depression have increased CSF CRH concerg—:gzg (’;_(7: 40 ;non:onst‘hrjn?;gé ;7 o 4r2°4n msg}]ths')m‘;rr'] d
trations (Banki (.at al 1987; .Geraqou etal 1997; NemerOﬁSZ-month groupX = 52.1 months; range: 48.6-59.0 months).
et al 1984), which normalize with recovery (Banki et al All animals were maintained on a 12-hour light—dark cycle

1992; Nemeroff et al 1991). Data from patients with (jights on 0600 to 1800 hours) and were housed at the Wisconsin
anxiety disorders are less consistent, but increased CSkegional Primate Center and the Harlow Primate Laboratory.
CRH levels have been reported in some individuals withanimal housing and experimental procedures were in accordance
obsessive-compulsive and post-traumatic stress disordevith institutional guidelines. The plasma cortisol and behavioral

(Altemus et al 1992; Bremner et al 1997). Data fromdata from these animals was previously reported (Kalin et al

postmortem studies of brains from depressed suicidé998a).

victims support the contention that increased CSF CRH

levels reflect increased activity of brain CRH systems. Ingampling Procedures

addition to elevated CSF CRH levels, depressed suicid

victims have increased PVYN CRH content and CRHS\S rapldly as possible after the animals were anesthetlzgd with
ketamine 10 mg/kg IM, blood was sampled by femoral venipunc-

MRNA (Raadshger et al 1994, 1995), and a decrease Yre and two mL of CSF was obtained by percutaneous puncture

CRH receptors in frontal cortex (Nemeroff et al 1988). o the cisterna magna (Kalin et al 1987). All samples were

The decrease in frontal cortex CRH receptors is believe@ptained between 0830 and 1030 hours to control for the diurnal

to be a compensatory response to increased availability Qfariation in CSF CRH (Kalin et al 1987). CSF samples were

CRH in cortical regions. obtained an average of 8 min after approaching the cage. This 8
The purpose of the present study was to further charaamin included the time elapsed from ketamine administration to

terize the biological characteristics of monkeys with ex-the time of sampling, which averaged 7 min. CSF samples were

treme asymmetric right frontal electrical activity by as- stored at-=70°C until assayed.

sessing CSF CRH levels. In addition to increased

fearfulness and elevated plasma cortisol concentrationgRH Radioimmunoassay

We.hypothels(;zr?d th"?‘t monkegsc\gllihceégﬁme Irlgfllztlfrontal mmunoreactive CRH was measured in 300 of CSF with an
activity wou ave increase Eevels. evate. ntiserum developed in rabbits against CRH, coupled to human

CSF.CRH In these_ animals Wlogld.support the lhypc’thes'ﬁ-globulins with bisdiazotized benzidine (IgG Corp., Nashville,
that increased brain CRH activity is a mechanism underTy). The antiserum is directed against the N-terminal portion
lying the behavioral and physiological characteristics as{antibody recognition site hCRH (4—20)) of the intact peptide
sociated with fearful temperament. and has the following molar cross reactivities: 0CRH, 100%;
urocortin ~25%; oCRH(1-20), 100%; hCRH(4—-41), 100%;
0CRH(1-12), <0.1%; hCRH(28-41),<0.1%; hCRH(38-41)

Methods and Materials <0.1%; and hCRH(6-33), 1.0%. It does not cross-react with
. adrenocorticotropic hormone;lipotropin, -lipotropin or3-en-
Animals dorphin. The detection limit, defined as the ED90, was 0.89

In 50 rhesus monkey$Macaca mulatta),regional electroen- pg/tube. The intraassay and interassay coefficients of variation
cephalography (EEG) was collected at approximately 13 monthsvere 6.1% and 10.2%, respectively (Kalin et al 1987). All
of age (mean= 13.1 months; range= 9.7-20.2 months) and samples obtained at 4, 8, and 14 months were analyzed in the
extreme animals were selected based on extremerieft (LO; same assay. Samples obtained at 40 and 52 months were
5 females and 5 males) and extreme right asymmetric frontahnalyzed in separate assays.

EEG patternsif = 9; 3 females and 6 males) (Kalin et al
1998a). The EEG data from these monkeys was previousl . e
reported (Kalin et al 1998a). In the extreme animals, fear-relateEFEG Recording and Quantification

behavior was assessed, and blood and CSF were sampled &e collect EEG data, animals were manually restrained, left and
approximately 4, 8, 14, 40, and 52 months of age (at 52 monthsight frontal, parietal, and mastoid gold cup electrodes were
of age two CSF samples were collected). In the 4-month agelaced according to the standard 10/20 system. The five active
group (h = 14) CSF CRH data were available from a subset ofleads (left and right frontal and parietal and right mastoid) were
the extreme left frontal{ = 7; 3 females, 4 males) and extreme referenced to the left mastoid and the linked mastoids were
right frontal group 6 = 7; 2 females and 5 males). In the mathematically derived. All electrode impedances were below
40-month age groum(= 18), CSF CRHlata were unavailable 5,000 ohms. We used a mathematically derived averaged mas-
from one female in the left frontal group, and in the 52-monthstoid reference rather than a physically linked mastoid reference
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because of the possible contribution of slight impedance differ- A s

ences between the mastoids affecting the effective spatial loca- 8 o o
tion of the reference when they are physically linked. When an 2 ! *
averaged mastoid reference is mathematically derived, the data n R
are recorded referenced to a single mastoid. The other mastoid is 4 Mos

then recorded as an active channel. In this way, the high-input
impedance of the amplifiers prevent any slight difference in
electrode impedances from affecting the recorded signal at the
scalp surface. This is the preferred method for quantitative EEG
analysis when asymmetric effects are the subject of analysis.
EEG was amplified using Grass Model 12 EEG amplifiers, with

a gain of 20,000 and a band-pass of .1 to 200 Hz. A minimum of C ,,,15 o o2
20 artifact-free seconds of EEG was required and we sampled a §° 7 :5
mean of 70.95 artifact-free seconds of EEG per subject. N
150

EEG signals were passed through active anti-aliasing low-pass

8 Mos

filters set at 210 Hz with a 36 dB/octave roll-off. The output of 14 Mos

the filters was digitized on-line at 500 Hz with an 80486 D

PC-clone, equipped with a 12-bit, 32-channel A/D board and é 7

signal acquisition software and stored on magnetic tape 3

cartridges. 180
All data were edited for artifact on a high-resolution graphics 40 Mos

monitor. EEG from each of the scalp leads during all artifact-free E
periods was analyzed. Epochs of EEG 2.00 sec in duration were

* o
(FFT) was applied to each chunk of EEG, with epochs overlap- %D

extracted through a Hamming window. A Fast Fourier Transform
ping by 50%. The FFT output was jriv2. Data were aggregated 4 Mos
into band power for the 4-8 Hz band and expresseg\¥Hz igure 1. Stability of CSF CRH concentrations fro(&) 4—8

based upon our previous research with rhesus monkeys (Da\’i(rf:onthsr = .669,p <.01: (B) 8—14 monthsy = .656,p <

son et al 1992, 1993). EEG data were log-transformed t0_01; (C) 14—40 monthsy = .437,p < .05: (D) 40-52
normalize the distribution of power values. For each animalmonths,r = .827,p < .001; (E) 4-52 monthsy = .583,
asymmetry scores were calculated by subtracting the left fronp < .05.

the right frontal power. Because power is inversely related to

activation, lower activation asymmetry scores indicate greater

relative right frontal activation. ) )
Monkeys with EEG asymmetry scores based on activation of0 assess whether CSF CRH concentrations differed by sex. To

7 standard deviations greater than the mean were classified &Xclude the possibility that sampling procedures affected CSF
extreme left frontal and those with asymmetry scores of 7CRH concentrations, regression analyses were performed at each

standard deviations less than the mean were classified as extreri@® between CSF CRH concentrations and the total time to

right frontal (Davidson 1998). sam_pl_e C$F, as well as_ the 'amount of time elapsed gfter
administration of anesthesia until the CSF sample was obtained.
In addition,t tests were performed at each age to compare the

Data Analysis total time to sample between the left and right frontal groups.

To test whether CSF CRH levels were stable within individuals,

simple regression analyses were performed on CSF CRH co esults

centrations between each successive age, as well as between the

youngest (4 months) and oldest (52 months) ages sampledAs can be seen in Figure 1, CSF CRH concentrations
Because two CSF samples were collected in the 52-month groupemained stable over time: 4—8 months € 14;r =

the mean of the two concentrations was used. Because the actugg9: p < .01), 8—14months o = 19;r = .656;p <

age ranged within each age group, regression analyses were al_sgl), 14—40months f = 19;r = .437:p < .05

performed covarying for age. , one-tailed), 40-52 monthsn(= 16;r = .827;p <
A t test was performed to establish that the EEG asymmetry001) and 4-5Months o = 12;r = .583;p < .05)

scores for the right and left frontal groups were significantly . . A .
different. To examine whether subjects with extreme right frontalAnalyses covarying for age did not significantly differ

asymmetry scores had higher CSF CRH levels than extreme Ief‘{om the simple _Correlations' ln.adq.ition' at each age QSF
frontal animals, a repeated-measures analysis of varianceRH concentrations were not significantly correlated with

(ANOVA) was performed followed by post-hactests at each  the total time to collect the sample, nor with the time from
age. The overall mean CRH concentration was used in cases @hesthesia administration. At 4, 8, 40, and 52 months no
missing data points. Addition&kest were performed at each age significant gender differences in CRH concentrations were

o

52 Mos
~
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1207 4 Mos * such as freezing, and its degree of asymmetric frontal
604 electrical activity, are also stable over time (Kalin et al
1989, 1998a). These findings suggest that, like freezing
and asymmetric frontal electrical activity, CSF CRH
concentrations are a trait-like variable. To the extent that
CSF CRH concentrations reflect activity of brain CRH
systems, this finding suggests that individual differences
in brain CRH activity are also stable. It is possible that the
differences in CSF CRH concentrations between right and
left frontal groups could be due to an interaction between
an animal’s fearful disposition and the stress associated
120w 40 Mos ki with sampling. We believe this is unlikely, because we
previously showed that acute stress does not alter CSF
CRH concentrations (Kalin et al 1987); however, if it is
the case it does not diminish the importance of the
1209 52 Mos between-groups differences.
60 We previously reported data from the animals used in
‘ this study demonstrating that individuals with extreme
Asymmetry Graup right asymmetric frontal electrical activity display an

Figure 2. CSF CRH concentrations in the extreme left compare(!l‘ncr('jase n _fear'related behaviors when com.pgred to a
to the extreme right frontal animals at 4, 8, 14, 40, and 52 monthgroup of animals with extreme left frontal activity. Ex-
of age. **p < .01, *p < .05. treme right frontal animals also had increased basal

plasma cortisol concentrations when assessed at 14
found; however at 14 months males had higher CRHMONths of age, and these difference persisted up to 40
levels (see below). months of age (Kalin et al 1998a). We suggested that in
The mean frontal EEG asymmetry scores for the exprimates, this constellation of behavioral and physiologi-
treme left and right frontal animals as defined by EEG atcal characteristics constitutes an endophenotype for fearful
13 months of age significantly differed from each othertemperament. The current findings add to this character-
(t = 9.50; df = 17; p < .0000001), andwere ization by demonstrating that, compared to extreme left
respectively 0.227 ane0.243. No significant difference frontal monkeys, extreme right frontal monkeys have
in the asymmetry scores was found comparing male tdncreased CSF CRH concentrations. Importantly, these
females. Repeated measures ANOVA revealed that acroshifferences were apparent when the monkeys were infants,
all ages extreme right frontal animals had significantlyas early as 4 months of age, and continued into late
elevated CSF CRH concentrations (= 10.31; df=  adolescence, 52 months of age.
1,17;p < .006). Post-hoct tests showed that extreme  The increased baseline plasma cortisol concentrations
right frontal monkeys had significantly elevated CSF CRHoccurring in right frontal monkeys indicates increased

concentrations at each age sampled: 4 mortths .24;  basal activity of the pituitary—adrenal system; whether this
df = 12;p < .05), 8months ( = 2.36, df=17,p < is due to increase activity of PVN CRH neurons is unclear.

.03), 14 months ¢ = 1.78, df = 17, p < .05 The increased CSF CRH in these animals suggests in-
one-tailed), 40 monthst (= 3.37, df= 17;p < .004), creased availability of this neuropeptide in regions such as
and 52 monthst(= 2.78, df= 15,p < .015). At 14 cortex, amygdala, and/or brain stem. Because of the
months males had higher CRH levels compared to femalegstablished actions of CRH on increasing fearful behavior
(t = 2.11; df = 17; p < .05) and atthis age males in rodents and primates (Kalin et al 1983, 1989; Sutton et
constituted 5/10 of the left frontal group and 6/9 of the al 1982; Takahashi et al 1989), it is tempting to speculate
right frontal group (Figure 2). that increased activity in extrahypothalamic CRH neurons,
as indexed by increased CSF CRH, could underlie the
increase in fearful behaviors. No direct evidence exists
that mechanistically links increased CRH activity to asym-
These data demonstrate that individual differences inmetric right frontal electrical activity; however, the anxi-
monkeys’ CSF CRH concentrations sampled during nonelytic agent, diazepam, shifts monkeys’ asymmetric fron-
stressful conditions are stable from the age of 4 to 52al electrical activity from right to left frontal regions
months. This is of interest, because we have also foun@@avidson et al 1992), and in rats benzodiazepines de-
that an animal’s propensity to engage in fearful behaviorscrease regional brain concentrations of CRH (Owens et al

!
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1991). It is possible that the effect of benzodiazepines orassociated with electrophysiological, hormonal, and be-
shifting frontal electrical activity from right to left could havioral characteristics of fearful temperament. Along
be mediated by the benzodiazepine-induced reduction imwith other preclinical and clinical studies, these findings
CRH. support the possibility that extrahypothalamic brain CRH
The amygdala is a site where increased CRH activitysystems play a role in mediating fearful temperament in
could be mediating some of the behavioral and physiologhumans.
ical characteristics associated with the fearful tempera-
ment endophenotype. The amygdala has a high density of
CRH-containing neurons, which are primarily located in The research was supported by grants MH 46792, MH 52354, P50-
the contral nucleus of the amygral Ce (Swanson et 525, IV Sonel o Meoue Sos e et
1983_’) ",ind the CeA projects to sites that are |mportant II%upported in part by NIH’Grant No. RROOlg7 to the Wisconsin Regional
mediating stress and fear-related responses (Davis 199g;imate Research Center.
LeDoux 1987). For example, projections to the PVN The authors would like to gratefully acknowledge the technical
promote stress-induced activation of the HPA system, anéssistance of Bonnie Donzella, Darren Dottl, Laura Freund, Kim Goffin,
projections to the periaqueductal gray are important inDebor_ah Lyn_n, Helgn Van _Valkenberg, Christine Larso_n, and the staff at
. . . . the Wisconsin Regional Primate Center and Harlow Primate Laboratory.
mediating freezing behavior. Furthermore, in rodents cer-
tain stressors elevate CeA CRH mRNA concentrations
(Hsu et al 1998; Kalin et al 1994) and increase extracelReferences
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