However, as the infection progresses and bac-
teria undergo unrestrained multiplication, the
availability of nonmyelinating Schwann cells
becomes a limiting factor. To avoid such a
situation, leprosy bacilli may induce demyeli-
nation and axonal damage as an effective strat-
egy to increase the number of nonmyelinating
Schwann cells so that a sufficient intracellular
niche is available for bacterial survival. Be-
cause myelinated Schwann cells do not serve as
an intracellular niche for M. leprae, we propose
that M. leprae propagates a nonmyelinating
phenotype by inducing demyelination and
nerve injury in myelinated Schwann cells in the
early phase of infection, a novel bacterial sur-
vival strategy in the nervous system.
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There is a relation between stress and alcohol drinking. We show that the
corticotropin-releasing hormone (CRH) system that mediates endocrine and
behavioral responses to stress plays a role in the control of long-term alcohol
drinking. In mice lacking a functional CRH1 receptor, stress leads to enhanced
and progressively increasing alcohol intake. The effect of repeated stress on
alcohol drinking behavior appeared with a delay and persisted throughout life.
It was associated with an up-regulation of the N-methyl-D-aspartate receptor
subunit NR2B. Alterations in the CRH1 receptor gene and adaptional changes
in NR2B subunits may constitute a genetic risk factor for stress-induced alcohol

drinking and alcoholism.

Alcoholism is a multifactorial disorder in
which the environment interacts with genetic
predisposition to produce the final level of
risk (/, 2). Stressful life events and maladap-
tive responses to stress influence alcohol
drinking and relapse behavior (3-6). Al-
though the relation between stress and alco-
hol drinking in humans (3, 4) and laboratory
animals (9, 6) is complex, it is known that in
some individuals alcohol drinking is an at-
tempt to cope with stress. Stress-induced al-

cohol drinking and relapse behavior appar-
ently have a significant genetic component
(7, 8), but molecular and cellular mechanisms
underlying stress-induced alcohol drinking
and relapse behavior are still obscure. Recent
studies have implicated the CRH system and
the glutamatergic system in these processes
9, 10).

CRH regulates endocrine responses to
stress (/7) and mediates stress-related behav-
ioral responses by means of extrahypotha-
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lamic sites (/2). The CRH signal is transmit-
ted by two types of receptors, termed the
CRH1 and CRH2 receptors, which differ in
their pharmacology and expression pattern in
the brain (13, 14). Dysregulation in the CRH/
CRHI-receptor system has been attributed to
a variety of stress-related psychiatric disor-
ders, including alcoholism (9). Mice lacking
a functional CRHI receptor (Crirl—'") (15)
represent a useful animal model to address
the question of whether a dysfunctional CRH/
CRHI-receptor system influences individual
vulnerability for alcohol drinking, under bas-
al and stress conditions, and whether long-
term alcohol self-administration is influenced
by this mutation.

Before studying alcohol drinking in
Crhrl™'~ mice, we further tested the func-
tional impairment of the CRHI receptor.
Crhrl™'~ mice that are lacking the G pro-
tein—coupling domain show a blunted hor-
monal stress response (/5). Extracellular
field potential measurements that are exem-
plary in the CA1 region of the hippocampus
were used to document the dysfunctional sig-
nal transduction (/6). In an in vitro prepara-
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Fig. 1. Water consumption
and initial preference for
alcohol are the same in
Crhr1~/~ and wild-type
mice. (A) Total fluid con-
sumption and (B) ethanol
intake of Crhr1~/~ (black
bar; n = 9) and wild-type
(white bar; n = 11) mice
during the acquisition
phase in a two-bottle free-
choice paradigm. In (C) and
(D). the acute effects of
stress on voluntary alcohol
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tion, CRH increased the amplitude of popu-
lation spikes in the CAl region of the hip-
pocampus (142.9 * 4.7%) in wild-type mice.
The population spike amplitudes in slices
from Crhrl~’~ mice were not affected by
CRH, indicating an effective interruption of
CRH signal transduction by the genetic ma-
nipulation [Web fig. 1 (17)].

We then offered Crharl~'~ and wild-type
mice a free choice between water and an
alcohol solution, at increasing concentrations,
as drinking fluids (/8). We found no differ-
ence in total fluid consumption (ml/day)
between Crhrl '~ and their wild-type litter-
mates (Fig. 1A), independent of the co-
offered ethanol concentration (P > 0.7). The
genotypes did not differ in the daily intake of
alcohol (g/kg/day) at concentrations of 2, 4,
and 8% ethanol (v/v) (Fig. 1B) (P > 0.7).
After a habituation period of 8 weeks to 8%
ethanol versus water, we monitored the vol-
untary alcohol consumption of the mice dur-
ing and after repeated stress. All of the mice
were repeatedly exposed to a social defeat
stress as a psychological and severe stressor
(19) for 3 consecutive days. We found no
difference in alcohol intake during repeated
social defeat stress as compared to baseline
drinking in either the wild-type (P > 0.5) or
the Crhrl~'~ mice (P > 0.8) (Fig. 1C).
However, 3 weeks after repeated social defeat
stress, the voluntary alcohol intake in the
Crhrl™'~ mice was markedly increased (ver-
sus baseline, P < 0.001), whereas it remained
unaltered in the wild-type mice (versus base-
line, P > 0.2). During this poststress phase,
the Crhrl~’~ mice consumed much larger
amounts of alcohol than did their wild-type

littermates (post 20, P < 0.001) (Fig. 1C).
During a second period of repeated stress, the
mice were forced to swim on three consecu-
tive days. Forced swimming is predominantly
a physical stressor, but it also has an emo-
tional component (20). Monitoring of behav-
ioral parameters during the forced swim test
(ie., time spent struggling, swimming, or
floating) did not reveal any significant differ-
ence between the two groups [Web fig. 2
(17)]. Although Crhrl~'~ mice slightly de-
creased alcohol intake during the three swim
stress days (Fig. 1D), this decrease was sta-
tistically not significant as compared to base-
line drinking, neither in the wild-type (P >
0.7) nor in the Crirl '~ mice (P > 0.2) (Fig.
1D). However, after about 3 weeks, the
Crhr1~'~ mice started again to progressively
increase their alcohol intake. This poststress
alcohol intake of Crirl '~ mice was signif-
icantly higher than that of the wild-type mice
(post 20, P < 0.002) (Fig. 1D). Enhanced
alcohol intake in Crhr/~'~ mice was long
lasting and was still present 6 months after
the second set of stressors (Fig. 2). Thus,
alcohol intake developed differentially in the
two groups (genotype X time interaction:
P < 0.001), and the mutation had a signifi-
cant effect on alcohol intake (P < 0.01). In
comparison, Crhrl '~ mice that had contin-
uously free access to alcohol over 3 months
without receiving the two sets of stressors
showed no changes in alcohol intake over
time [Web fig. 3 (17)].

To exclude the possibility that the muta-
tion of the Crhrl gene affected the pharma-
cokinetics of alcohol, we determined blood
alcohol concentrations in separate groups of
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Fig. 2. Long-term voluntary alcohol intake of
Crhr1~/~ (black bar; n = 9) and wild-type
(white bar; n = 11) mice. The animals were
offered water and an ethanol solution (8% v/v)
in a two-bottle free-choice paradigm. The data
represent mean ethanol intake per month.
Stress events are indicated by arrows. *P <
0.01 (Newman-Keuls post hoc test: Crhr1 =/~
versus wild type).

mice before and after alcohol drinking (21).
No differences in alcohol metabolism were
found between Crhrl~’~ and wild-type mice,
in terms of blood alcohol concentration.
Thus, acute clearance of ethanol did not differ
between genotypes (Crhrl '~ mice cleared
0.43 * 0.04 mg ethanol/ml blood/hour, and
control mice cleared 0.41 = 0.03 mg ethanol/
ml blood/hour) (P > 0.4) [Web fig. 4 (17)].

Under basal conditions, up-regulation of
CRH (15) and vasopressin (22) is observed as
adaptational changes due to CRH1 receptor
deficiency; however, other molecules such as
proopiomelanocortin-derived adrenocortico-
tropic hormone and melanocyte-stimulating
hormone remain unchanged in Crarl '~
mice (/5). A dysfunctional CRH system is
expected to induce adaptational changes
within functionally related systems, such as
the glutamatergic system. We thus performed
protein profiling for various glutamate recep-
tors (23). We analyzed selected brain regions
for the protein expression levels of the M-
methyl-D-aspartate  (NMDA)-receptor sub-
units (24), subunits of the a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) receptor, and the kainate receptor in
Crhrl~'~ and wild-type mice. Western blot
analysis revealed a highly selective up-regu-
lation in the NR2B subunit of the NMDA
receptor (Fig. 3). No other ionotropic gluta-
mate—receptor subtype was altered (23). The
expression levels of NR2B were enhanced in
Crhrl~'~ as compared to wild-type mice in
the hippocampus (Crhrl™'~: to 122.5 =*
7.4% ; P < 0.01) and in the nucleus accum-
bens (Crhrl~'~:to 128.1 = 8.3%; P < 0.05).
In the amygdala, the expression levels of
NR2B were not significantly different be-
tween the two groups (100 * 6.3 for wild
types, and 109.8 * 3.5 for Crhri™'~, P >
0.1). CRHI1 receptor deficiency induced a
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Fig. 3. Quantification of
NR2B protein levels in the
hippocampus, amygdala,

and nucleus accumbens 140
of wild-type (white bars,
n = 6) and Crhri— /= 120
(black bars, n = 6) mice
by Western blot analysis. 5
The data are presented as 3
normalized optical-densi- 3
ty grey values with wild- %
type values set as 100%. 2
*p < 005 (Student t g 60
test). **P < 0.01. e
40
20
0

selective up-regulation of the NMDA recep-
tor subunit NR2B, particularly in the nucleus
accumbens and hippocampus. Why might
this adaptational increase in the expression of
NR2B subunits be associated with the ob-
served stress-induced alcohol drinking be-
havior? Mesencephalic neurons implicated in
the mediation of the reinforcing effects of
alcohol (25) bear predominantly NMDA re-
ceptors with ethanol-sensitive NR2B subunits
(26, 27), and it has been shown that NR2B
subunits are increased by stress (28). Inter-
estingly, a gene variant of the NR2B subunit
has recently been found to be associated with
alcoholism (29). Alternatively, enhanced
NR2B subunit expression within the hip-
pocampus and the nucleus accumbens could
lead to altered learning abilities, as has been
shown recently in transgenic mice (30). How-
ever, this possibility seems unlikely, because
Crhrl~'~ mice show no differences as com-
pared to wild-type animals in various learn-
ing tasks (31).

In summary, CrhrI~/~ mice do not differ
from wild-type mice in alcohol intake and
preference under stress-free housing condi-
tions. However, after repeated stress,
Crhrl='~ mice step up their alcohol con-
sumption, which persists at an elevated level
throughout their life. This behavior in knock-
out mice is associated with enhanced protein
levels of the NR2B subunit, which is an
ethanol-sensitive site and is also influenced
by stress. It is feasible that alterations in the
CRHI1 receptor gene and adaptational chang-
es in NR2B subunits might constitute a ge-
netic risk factor for alcoholism, in particular
when associated with stressful life events.
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