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Mice deficient for the gene encoding c-calcium-calmodulin-dependent kinase Il {a-
CaMKll knockout mice) provide a promising tool to link behavioral and cellular abnor-
malities with a specific molecular lesion, The heterozygous mouse exhibited a well-
circumscribed syndrome of behavioral abnormalities, consisting primarily of a decreased
fear response and an increase in defensive aggression, in the absence of any measured
cognitive deficits. Unlike the heterozygote, the homozygote displayed abnormal behavior
in all paradigms tested. At the cellular level, both extracellular and whole-cell patch clamp
recordings indicated that serotonin release in putative serotonergic neurons of the dorsal
raphe was reduced. Thus, «-CaMKll knockout mice, in particular the heterozygote, may
provide a model for studying the molecular and cellular basis underlying emotional

disorders involving fear and aggression.

The recently developed mouse gene
knockout technology has allowed us to use
a multidisciplinary approach to analyze
neurcbiological abnormalities ar the behav-
ioral and cellular levels. Here we tested
mutant mice, in which the ¢-CaMKII gene
was disrupted (1), for abnormal behaviors
associated with aggression and fear.

We first evaluated in CaMKIL mutant
and wild-type mice the fear response of
freezing (2), as characterized by an immo-
bile, crouching posture after footshock,
which is an indicator of activation of the
fear system (3). During training, wild-type
animals exhibited a high frequency of free:z-
ing after footshock, whereas the heterozy-
gous (¢ vest, P < 0.003) and homozygous (P
= 0.007) murants froze significantly less
often (Fig. 1A). On the following day, the
animals were returmed to the shock cham-
ber (contextual conditioning). In the ab-
sence of footshock, the wild-type mice dis-
played freezing behavior, indicaring reten-
tion of the fear response (Fig. 1B). In con-
trast, rthe heterozygotes showed a low
percentage of freezing thar rapidly decayed
(P =< 0.0001). The homozygotes showed no
freezing at all, suggesting a deficiency in the
fear response.
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To establish whether the lower rate of
freezing in murants is caused by a fear-
specific abnormality or simply by modifica-
tions in freezing-relared sensory or motor
processing capacities, we examined (i) fear
conditioning elicited by a different sensory
cue, (i} pain sensitivity to footshocks, (iii)
an innate fear behavior, and (iv) a fear-
associated autonomic response. The mice
were subjected to another rask in which
simple tones were paired with foorshocks
i2). The heterozygores (P < 0.0001) and
homozygotes (P = 0.0001) displayed much
less freezing than the wild-type mice during
training {Fig. 1C), similar to the contextual
conditioning (Fig. 1A). Both groups of mu-
tant mice exhibited partial retention of the
fear response to tones (compared with the
wild-tvpe mice, P < Q.0001; between two
mutant groups, P =< 0.0002) (Fig. 1D).
Therefore, both groups of murant mice dis-
play reduced freezing to contexrual as well
as tonal cues.

Because reduced pain would result in less
freczing (4), we measured current thresh-
olds for three reactions to nociceptive
shock, namely, flinch, jump, and vocaliza-
tion (3). For all responses, the hererozygores
exhibited similar pain thresholds to the
wild-type (¢ rtest, P < 0.18), whereas the
homozyeotes had significantly lower pain
thresholds and were thus more sensirive to
all the nociceptive stimuli (flinch, P <
0.003; jump, P < 0.001; vocalization, P <
0.002) (Fig. 2A). Therefore, it is unlikely
thar the artenuated freezing response is
caused by modified pain sensirivity.




Another measure of fear was based on
the behavior of thigmotaxis in an open
field (6). Rodenrs are known to avoid
exposure in the center of an open field
(inmate fear), and mice tend to move to
the perimeter (thigmotaxis), possibly ro
reduce the risk of being arracked by pred-
ators (7). Heterozveous (P << 0.008) and
homozygous (< 0.013) mice spent more
rime in the center of the field, and they
rook longer 1o enter the outermost track
than the wild-type mice (Fig. 2B). All mice
began their explorarion immediately afrer
being placed in the open ficld, thereby
eliminating freezing behavior as a factor,

Beduced freezing or thigmeotaxis may
alse result from a disruption in motor out-
put systems tather than in the fear stare.

Fig. 1. The «-CaMKIl mutant mice A
show reduced freezing responses
(percent fragzing, mean = SEM) in
fear conditioning (2). Percent freez-
ng was getermined by time-sam-
pling in & 2-5 interval, (A} For con-
textual training, thres footshocks
(0.5 mA for 1 5) were given at min-
utes 3, 4, and 5 (7 = 10, wild type;
1 = 9, mutants). (B} The 8-min con-

Freezing (%)

Therefore, we chose to measure defecarion,
an auronomic response thar may be indica-
tive of fear in rodents and does not require
motor performance (3). During the contex-
rual fear conditioning rest (see Fig. 1B),
defecarion was significantly less in both the
heterozvaotes (P < 0.04) and homozvaores
{P = 0.0001) compared with the wild-type
mice (Fig. 2C). A similar defecation re-
SPONSE WAS SCET when naive mice were
confronted with an open field (P = 0.001
for bath mutanes) (Fig. 2C). These resulrs
further suggest thar both murancs are less
fearful than their wild-type littermates and
that this lack of fear may reflect an abnor-
maliry in the central fear state rather than
in the peripheral informarion processing,
We noticed an unusually high frequency

textual test 1 day later. No foot-
shocks were applied. (€] Three
20-5 tones were given at minutes
3. 6, and 8, each terminated with a c
1-5 shock (n = 8, each group). (D) 1
A B-min tong was given at minute
3 without footshocks, Symbols: E
open circle, wild typs; solid circle,
heterozygotes, open trangle, ho- g 40
mozygotes. g

w
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Fig. 2. (A) Homezygotes have low- A B
ar pain thresholds (mean = SEM, » o 120
= &), whereas the heterozygotes } =
are normal {5). [B) Both heterczy- "E' 0.4 100 |
gotes and homozygotes are less o 0.3l = pol 5
fearful of the open field n = &) (). 5 = Ll
[C] Both heterozygotes and ho- g 0.2 E B ,_E:
mozygotes defecate less in fearful E 0.1 aot 3%
environments. The number of fecal s 8 s ol o

bolluses {mean + SEM) was count-
ed for 8 min during the contexual
fear test or for 5 min during tha c
open field tast, [D) Heterozygotes
show normal offensive but height-
enad defensive aggrassion, whera-
2s the homoZygoles ars permissive
for both, The resicdent attecks (17)
ware used to demonstrate offen-
sive aggression eft bars, n = &);
defansive  aggression (12 was
demonstrated by the number of
counter-atteck  bites from  thres

Defecation (number)

Finch Jump W

Conditioned
fear

Response

Number of biles
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fizld

5-min sessions in & different setting (middke bars). The right bars show combined attacks origingting from
baoth the resident and intreder during the defensive aggression test. Symbols: right hatch (7, wild type; left

hatch v, heterazygote; cross hatch, homozygote.
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of fighting, which often
back injuries, among het
animal colony. Hence, we
types of aggressive behavi
Mice are known tw be

“resident” mouse will atta
biting its rear (9). As a me
aggression, we quantified
roward an incruder (109, 1
resident mouse was house
4 weeks, and a wild-type
group, was then introduc
(11}, We also used a vari
dent-inteuder confrontaric
wild-type residenrs and «
been housed individually {
this procedure was on the

sulted in fatal
ozogotes in the
investigared two
T in male mice.
rritorial, and a
k an intruder by
sure of offensive
sidents’ arracks
this paradigm, a
individually for
wise, housed ina
as an intruder
tion of the resi-
. in which the
e incruders had
[ 2). The focus in
Hefensive agores-

sion exhibired by the intmeder in response

to the resident’s behavior,
sive aggression by the res
tepreted as a behavioral
aggressiveness, the defens

Alchough offen-
dent may be in-
manifestarion of
v ageression by

the intruder, afrer being drracked, may be

related 1o both aggression
In the offensive agge
erozygous resident mice w

and fear (9, 13).
bssion test, het-
rre cqually as ag-

gressive as the wild-rype fesidents as mea-
sured by the number of atfack bites toward
an intruder (P = 0.3), whéreas homozygous
residents did not display ahy aggressive be-
havior (Fig. 2D, left). WHen becoming an

incruder, however, the her
ited more defensive atrac

srozygotes exhib-
roward the res-

idenr mouse than the wild-type intruder (P
< 0.006) (Fig. 2D, right}|In fact, the het-
erozygous intruder often pounter-attacked
vigorously by biting the fesident, whereas
the wild-type intruder asgimed an upright

defensive posture or fled.
intruder still provoked fow
with the wild ype, P =]
heterozygores, P < 0.002
being attacked by the 1
more, the homorygous ing
proached the resident {in
manner} even after being 4
fearlessness or other imy

The homozygous
fights (compared
0.003, and the
I and fled when
esident. Further-
ruder often reap-
a nonaggressive
tracked. a sign of
airments, which

rarely occoured in wild-type intruders. In

sutnmary, heterozygores d

Table 1. Summary of behav
a-Cahkll mutant mice (24).

splay arrenuared

oral phenctypeas in

Behavioral
phenotype

Hete

- Homo-
e Zyaote

Fear-ralated

MESDONSES Decregse Decrease
Offensive r

aQgression Marmal Decreass
Cafansive

BOgrassion INcrasse Decrease
Fain sensitivity Meormal Incregse
Startle response Mamm Increase
Vigilance Marm Increase
Mating Dacragse Decrease
Maze lsarning MNormal Decresse




fear bur normal offensive agoression. When
being attacked, heterozvpotes show height-
ened defensive aggression, which is consis-
tent with their lack of fear. In conrrase,
homozygotes have lictle fear and aggression
in addition to many other behavioral ab-
normalities { Table 1),

Serctonin {3-HT } depletion and neuro-
nal activity in the dorsal raphe correlate
with aggressive behaviors {14). We thus
studied 3-HT transmission: release, recepror
response, and reuptake. Single-unit record-

Fig. 3. The ralease of 5-HT A

is reduced in both heterozy- 5-HT {100 pb)
gotes and homozygotes, (&) S
Single-unit recordings (15) Fh

fromn serctonergic dorsal ra- l]

phe naurons with bath appli- o ]l

cation of 3-HT and fluox- o Ly
gting. (B} The latency to 5-HT

reach 50% reduction of fir-
ing rate (f 5o (Mean *
SEM) in response to fluox-
et is prodonged in het-
srozygotes. The latency for
homozygotes could not be
quantified because no ap-
parent changes were seen
within 15 t2 20 min of obser-
vation. S}I'I"It}{)a right hatch

MW
W Moty

ings (13) were used to monitor the effect of
5.HT and the 53-HT reuptake inhibitor flu-
oxetine on spontaneous firing of putative
serotonergic neurons. In slices from wild-
type mice, barh application of 5-HT (100
b} activared autoreceptors, resulting in an
aholition of firing, which recovered as 3-HT
was washed out (Fig. 3A). Application of
fluoxetine (20 pM) also caused an abolirion
of spontaneous firing. In slices from mutant
mice, application of 3-HT was equally effec-
tive in the blockade of spontanecus firing,
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Fig. 4. Rsduction of D
5-HT release in mutant 350, L1 » 350y +- 350y «-
raphe neurons i also 25

detected with whole-call

=
2
recordings (15). (A} In the 'E
currant  clamp  moda, £ O
5-HT caussd a mem- E 4
brane hyperpolarization & _-"'
gessociated with a de- W
CTEgSEe N npul resis- 400 _ ¢t
tance. Dowrward de- 100 -80 60 40

flections are wvoltages

-400 ]
-100 -80 -0 -40
Voltage (mV)

-400
-100 -BQ

-60  -40

generated with hyperpolarizing cursnt steps (0,02 nd, 350 mas), (B) Fluoxsting mimicked the efisct of
§-HT cninput resistance, but the latency of membrane bypempolarization [t .. ) increased and its duration

decreased in mutant shces, () The latency to reach 50% reduction of meambrans potentizl in
12 fluoxsting is prolonged in beterozygotes and homozygotes [+/+,n = &, +/—,
The voltage dependence, as shown by representative current voltage
currents is similar in the reurons of wild-type and mutant mics, The

reSRONsEe
n=7,—/—n=5.(D
curves, of 5-HT-mediated K™
pure 3-HT current was obtaned inthe

voltage clamp mode by subiracting ramp currents before and during 5-HT application
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suggesting that the 5-HT , autorece
sponse was funcrional in mutants {[16). The

cause recovery of the firing rate aft
washout of 3-HT was similar to the
the wild type. In contrast, the inhibi
neuronal firing by fluoxetine was dels

are in
on ot
ved in

not cause the observed difference. Wl
latency to 30% reduction of firing

longer in heterozygores than in th
type mice (P = 0.0001) {Fig. 3B).

sence of a fluoxering effect in mutant mice

was due o reduced 5-HT release o

5 (13).

hyperpolarization and concomitant dec
in inpur resistance due to activation of

5-HT, ,—mediated K~ channels (Fig. 4A)
(16). Afrer 3-HT was washed out, bdjth the
membrane potentizl and the inpuf resis-

it on
{Fig.

memn-

was delaved and the recovery fro
washour was faster in both mutants
=1-F$]I Thl. ]attnu to 50% L]‘-anﬂL o

spikes in response to depolarizing
steps, and (iv) spontaneous firing

neuronal morphology and voltage
dence of 3-HT-mediared ionic
(Fig. 410 (la).

CaMEKIl facilitates presynaptic| rrans-
mircer release (1, 18), and CaME-mediated
phosphorylation is required for acrivarion of
tryprophan hydroxylase, the rate-ljmiting
enzyme for 5-HT synthesis ([9). [t nemains
to be determined if either of these|factors
contributes to the altered 3-HT release seen



in this study. Consistent with our findings,
manipulation of 5-HT has been shown to
affect fear (or anxiety) (20) and aggression
(21} in animals and humans (22, 23).

The distinet behavioral and neuronal

deficits in the hererozvgore suggest that
only those brain regions that have intrin-
sically low levels of the «-CaMKII gene
expression would be most affected by the
lower gene dosage. These regions may in-
clude the serotonergic nuclei. In contrast,
the behavioral abnormaliries of the ho-
mozygote (in which both copies of the
gene are absent) become widespread ( Ta-
ble 1). Such gene dosage effects may exist
in human psychiatric diseases, in particu-
lar, those involving personality trairs asso-
ciated with increased ageression and de-
creased fear (consistent with increased
risk-taking bchaviors).
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