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The adrenomedullin (AM) gene, adm, is widely expressed in the
central nervous system (CNS) and several functions have been
suggested for brain AM. Until now, a formal confirmation of these
actions using genetic models has been elusive since the systemic
adm knockout results in embryo lethality. We have built a condi-
tional knockout mouse model using the Cre/loxP approach. When
crossed with transgenic mice expressing the Cre recombinase
under the tubulin T�-1 promoter, we obtained animals with no AM
expression in the CNS but normal levels in other organs. These
animals lead normal lives and do not present any gross morpho-
logical defect. Specific areas of the brain of animals lacking CNS AM
contain hyperpolymerized tubulin, a consequence of AM down-
regulation. Behavioral analysis shows that mice with no AM in
their brain have impaired motor coordination and are hyperactive
and overanxious when compared to their wild-type littermates.
Treatment with methylphenidate, haloperidol, and diazepam did
not show differences between genotypes. Circulating levels of
adrenocorticotropic hormone and corticosterone were similar in
knockout and wild-type mice. Animals with no brain AM were less
resistant to hypobaric hypoxia than wild-type mice, demonstrating
the neuroprotective function of AM in the CNS. In conclusion, AM
exerts a beneficial action in the brain by maintaining homeostasis
both under normal and stress conditions.

Adrenomedullin (AM) is a 52-aa regulatory peptide with
structural homology to calcitonin gene-related peptide

(CGRP) and amylin. The adm gene is located in mouse chro-
mosome 7 and codes for a preprohormone which, after post-
translational modifications, generates 2 biologically active pep-
tides, AM and proadrenomedullin N-terminal 20 peptide
(PAMP). Expression of these peptides is widespread and several
functions have been ascribed to these molecules, including
vasodilatation, bronchodilatation, hormone secretion regula-
tion, growth modulation, angiogenesis promotion, and antimi-
crobial activity, among others (1). The receptor system for AM
consists of a heterodimer composed of calcitonin receptor-like
receptor (CLR) and receptor activity modifying protein
(RAMP) type 2 or 3 (2).

In the CNS, AM was initially found in the hypothalamus (3),
but later on it became clear that this peptide is expressed
throughout the whole brain (4). Components of the AM receptor
system are also found in most areas of the brain (5), providing
an anatomical basis for the implication of AM in brain physi-
ology. Receptor autoradiography studies have shown that AM is
able to bind to many areas of the brain, as well (6). Recently, a
new member of the CGRP/AM peptide family, with a peptide
sequence similar to AM but coded by a different gene, has been
reported and named AM2 or intermedin. This peptide has
similar actions and distribution in the brain to original AM (7).

Several observations suggest that AM could act as a neuro-
transmitter or neuromodulator. For instance, direct injection of
AM in the CNS induces vasoconstriction (8), an increased heart
rate, and production of nitric oxide (9). Electrophysiological

studies in the area postrema showed that AM was implicated in
spike production (10). Other authors suggest that AM may
activate both GABAergic and cholinergic neurons through nitric
oxide production and mechanisms dependent and independent
of NMDA receptors (9). In addition, AM expression increases
in the brain following ischemic and hypobaric insults (11, 12). In
these situations, AM seems to play a protective role.

A formal demonstration of the functions of AM in the brain
would imply a genetic model where expression of the peptide or
the receptor has been eliminated. Several attempts have shown
that regular knockouts for AM or its receptor result in embryo
lethality, thus preventing studies of adult brain physiology (13–
16). To circumvent this difficulty, we have generated a brain-
specific conditional knockout model using Cre/loxP technology
(17). Here we show that mice lacking AM in the brain show
marked behavioral differences with their wild-type littermates,
being hyperactive, less coordinated, and over-anxious. In addi-
tion, their survival is impaired when exposed to hypobaric insult.

Results
Generation of a Brain-Specific Conditional Knockout for AM. A
targeting vector was generated from a 17-kb BamHI DNA frag-
ment containing the complete adm gene (Fig. 1 A). The linearized
vector was introduced into embryonic stem (ES) cells and these
cells were selected with G418 and FIAU. Surviving clones were
analyzed by Southern blotting (Fig. 2A) to ascertain proper inser-
tion (Fig. 1C) using an external and an internal probe (Fig. 1A). ES
cells were injected into blastocysts and brought to term in surrogate
mothers. These animals were crossed with transgenic mice express-
ing Flp to remove the pGKneo cassette (Fig. 1D). These ‘‘floxed’’
AM mice were crossed with transgenic mice expressing Cre under
either an ubiquitous promoter or the tubulin T�-1 promoter (18).
This second promoter induces expression of Cre protein in neurons
of the CNS during neurogenesis. Determination of the genotypes
was performed by PCR with specific primers for both the floxed
adm gene (Fig. 2B) and Cre [supporting information (SI) Table S1].

Characterization of the Knockout Animals. Analysis of the ubiqui-
tous adm knockout mice showed that the complete lack of AM
from conception results in embryo lethality at midgestation, in
agreement with previous reports (13–15). This can be clearly
seen when analyzing the number of offspring from crosses
between heterozygous parents (Fig. 2C). On the other hand,
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mice where Cre expression was restricted to the brain were born
alive and did not have any gross morphological defect. Under
standard conditions, these animals lead a normal life and
reproduce normally. Expression studies using real-time RT-PCR
demonstrated that the brain of knockout animals had a minimal

expression of AM when compared to wild-type littermates
whereas the AM levels in other organs were undistinguishable in
both groups (Fig. 2D). We also studied whether molecules
related with AM physiology suffered any change in the absence
of cerebral AM. Neither CLR, the RAMPs, AM2, nor CGRP
varied significantly their expression in the brain of knockout
animals when compared to their wild-type siblings (Fig. 2E).

Morphological Changes. Histological analysis of the brain did not
reveal any gross morphological change in the animals lacking
AM. Recently we have described that AM and PAMP bind to the
cytoskeleton and that reduction on the levels of these peptides
leads to tubulin hyperpolymerization and to an increase on
Glu-tubulin immunoreactivity (19). Application of the Glu-
tubulin antibody to brain tissue sections showed that specific
regions on the adm-null brains contained more hyperpolymer-
ized tubulin than control animals. The areas where this effect
was more prominent were the hyppocampus (Fig. 3 A and B), the
cerebral cortex (Fig. 3 C and D), and the cerebellum.

Behavioral Analysis. First, we used an activity cage to measure
spontaneous locomotor activity. At 3 months of age, mice
lacking brain AM had much higher levels of horizontal and
vertical activity than their wild-type littermates (Fig. 4). The
differences were similar in the first 5 min of the test (in which the
mice explore the new environment) and in the following 5 min
(at this time the animals are already used to the new place and
engage in their regular routines). Activity cage measurements
were performed with the same mice at 3, 6, 9, and 12 months of
age. As the mice aged, their locomotor activity went down, and
the differences between groups diminished, becoming indistin-
guishable at 9 months (Fig. 4). In all cases, locomotor parameters
of the heterozygous mice were undistinguishable from their
wild-type littermates (data not shown). There was also an
increase on stereotypy counts in the knockout group for the first
6 months of extrauterine life (Fig. 5). In a similar way to the
observations for general locomotion, after the animals became
older the differences between genotypes disappeared (Fig. 5).

To test motor coordination and equilibrium, we performed a
rota-rod test (Fig. 6). In this case, at 3 months of age the
knockout mice had a poorer behavioral performance than their
wild-type littermates, indicating impaired motor coordination.
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Fig. 1. Gene targeting of adm. (A) Structure of the
wild-type allele as found in mouse chromosome 7. The
4 exons of the adm gene are represented as solid
boxes. Southern probes at the 5� and 3� ends of the
construct are also indicated. (B) Targeting vector de-
signed to insert loxP sequences (arrowheads) around
the adm gene and the neomycin cassette (neo) sur-
rounded by frt sequences (vertical rectangles). An ad-
ditional BamHI site was added next to the first loxP to
allow for identification. The TK gene was also added
as a negative marker. A thinner line represents vector
sequences. (C) Structure of the modified allele in the
ES cells after recombination takes place. (D) Structure
of the final allele, following the crossing with Flp
expressing mice. P1 (AMD sense) and P2 (AMD anti-
sense) are the primers for diagnostic PCR described in
Table S1.

Fig. 2. Characterization of the mice lacking brain AM. (A) Southern blot
analysis of BamHI-digested ES cell DNA with the external 5� probe (Left) and
the internal 3� probe (Right). The wild-type (w) allele renders a band of 17 kb
whereas the mutant alleles (f) render 4- and 12-kb bands, respectively. (B) PCR
analysis of tail DNA from 3-week-old mice with AMD primers (Table S1). After
PCR, samples were digested with BamHI. The wild-type (w) allele produces a
band of �400 bp whereas the mutant (f) is identified by a 200-bp band.
Heterozygous mice (w/f) produce both bands. (C) Genotypes of offspring
issued by the cross of 5 pairs of heterozygous mice for the ubiquitous deletion.
No homozygous mutant mice (�/�) were produced. (D) Real-time PCR quan-
tification of the levels of AM produced in the brain and heart of wild type
(wt/wt Cre�) and brain conditional AM mutants (f/f Cre�). While a large
diminution is appreciated in the mutant brain, the heart AM contents do not
show any significant difference with the wild type. (E) Real-time PCR quanti-
fication of the levels of AM and AM-related molecules CLR, RAMPs, AM2, and
CGRP in the brain of wild-type and mutant animals. The drastic reduction of
AM in the mutant brain does not affect the expression of the related genes.
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As with the previous test, significant differences were only seen
in younger animals. As age increased, there was no change in the
coordination of wild-type animals, but the knockout mice be-
came more coordinated and the differences turned non-
significant after 6 months of age (Fig. 6).

Anxiety levels were measured with a marble-burying assay. At
six months, mice lacking AM in the brain buried 19.06 � 1.39
marbles whereas the wild-type animals buried only 11.55 � 1.42
(P � 0.01), indicating that animals lacking brain AM have a
higher anxiety level. In this case, differences between genotypes
were lower but still significant at 12 months (Fig. 7).

Drug Treatments. An initial interpretation of the behavioral data
suggested that the animals lacking cerebral adm may be suffering
a syndrome similar to the human attention deficit hyperactivity
disorder (ADHD). Patients affected by ADHD are successfully
treated with methylphenidate and other psychostimulants (20),
which produce the paradoxical effect of bringing down the

activity levels. To investigate whether our mice were sensitive to
these drugs, we injected knockout and control mice with meth-
ylphenidate and measured their behavior on the activity cage at
different times after treatment (Fig. S1 A and B). Contrary to
what was expected, both groups of animals presented a signifi-
cant increase in their spontaneous locomotor activities reaching
a maximum at 30 min and diminishing progressively until going
back to normal levels at 22 h.

The antipsychotic drug haloperidol is a dopamine receptor
antagonist and was injected in both knockout and wild-type
animals to check whether the dopaminergic system was involved
in their behavioral differences. In both cases, a marked reduction
of both horizontal and vertical activity was observed over a
period of 180 min but no differences were found when comparing
the genotypes (Fig. S1 C and D).

Fig. 3. Immunohistochemical staining for Glu-tubulin in the hippocampus (A
and B) and frontal cortex (C and D) of wild type (A and C) and brain conditional
AM mutants (B and D). Mutant animals show a higher staining intensity than
normal mice. (Scale bar: A and B, 20 �m; C and D, 100 �m.)
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Fig. 4. Activity cage measurements of horizontal (Upper) and vertical (Lower) activity in male mice at different ages. Mutant animals lacking brain AM (gray
bars) are more active than their wild-type littermates (open bars) during the first 6 months of life. Bars represent the mean � standard deviation of 10 mice. The
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Fig. 5. Stereotypy quantification as recorded in the activity cage in male mice
at different ages. Mutant animals (f/f Cre�) present a higher number of
stereotypies than wild-type littermates (wt/wt Cre�) for the first 6 months but
the difference disappears in older mice. Bars represent the mean � standard
deviation of 10 mice. The whole experiment was repeated 3 times, and a
representative example is presented here. *, P � 0.05; **, P � 0.01; ns, no
significant differences.
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The anxiolytic drug diazepam, a GABAA receptor agonist,
was used to check whether the differences in anxiety observed
above were due to defects in the GABAergic system. As happens
with haloperidol, a clear reduction in both horizontal and
vertical activities was observed over a 180 min period following
injection of diazepam. Nevertheless, the reductions were similar
in both groups of animals (Fig. S1 E and F).

Determination of Stress Hormones. To test whether the hypothal-
amus-pituitary-adrenal axis was involved in the excessive anxiety
observed in mice lacking brain AM, we measured the levels of
circulating adrenocorticotropic hormone (ACTH) and cortico-
sterone in both genotypes at 3 months of age. No significant
differences were found for either hormone.

Resistance to Hypobaric Stress. Groups of 10 mice of each genotype
were placed in a hypobaric chamber and exposed to increasing
simulated altitude while continuously monitored. All males
lacking AM in the brain died at 34,000 feet and within seconds
of reaching that altitude, whereas wild-type animals died at
37,000 feet but over a period of 30 min.

Discussion
In this report, we have shown that deletion of brain adm in mice
results in subtle morphological changes, behavior modifications,
and lower survival when exposed to stressful conditions. Taken
together, these results confirm the implication of the proAM
peptides in brain physiology. We need to keep in mind that the
adm gene generates a preprohormone that, after posttransla-
tional modifications and maturation, produces 2 biologically
active peptides, AM and PAMP (1). In our model, the whole
gene is removed, thus the effects we have reported will be the
result of the absence of both peptides.

Although AM2, also known as intermedin, has been localized
in the same regions as AM and has been shown to perform
similar activities (7), our study demonstrates that there are
specific functions for AM that cannot be rescued by intrinsic
expression of AM2. In the brain of our mutant mice, the levels
of AM2 did not change with the absence of AM, and the
knockout animals presented behavioral and survival defects
even though they had normal levels of AM2. This lack of
compensation has been also shown in other peptide families (21).
In a similar way, we did not see any up-regulation of the
components of the AM receptor, indicating that there is no
compensatory response to the lack of brain AM.

The only morphological modifications we have seen in the
adm-null brain were related to microtubule hyperpolymeriza-
tion. Recent in vitro studies by our group have shown that tubulin
hyperpolymerization mediated by lower levels of AM results in
impaired cell motility and cell cycle defects (19). Since the
activation of Cre expression by the tubulin T�-1 promoter occurs
early in brain development (at embryonic days 10–11) we can
conclude that AM does not have a major function in defining
brain architecture. Nevertheless, the hyperstabilized cytoskele-
ton of specific neurons may explain the subtle differences
observed when comparing animals with and without brain AM.
Several important diseases of the CNS involve microtubule
dysfunction. One of the main molecules linked to the pathogen-
esis of Alzheimer’s disease is the microtubule associated protein
tau. When this protein is glycosylated and hyperphosphorylated
it detaches from the microtubules and forms neurofibrilary
tangles, whereas microtubule assembly gets inhibited (22). One
of the most frequently mutated genes in Parkinson’s disease is
parkin, which codes for a microtubule stabilizing protein (23).
The prion protein, PrP, also influences microtubule polymer-
ization status, with the mutants related to familial Creutzfeldt-
Jakob disease showing a much stronger inhibitive capacity on
tubulin polymerization than the wild-type proteins (24). Most
cases of early onset torsion dystonia (DYT1) are due to a
mutation on the DYT1 gene which codes for a protein named
torsinA, which in turn regulates cytoskeleton function (25). The
results obtained in our study correlate especially well with a
report of some neural side effects of the antineoplastic agent
paclitaxel (taxol), which reduces tumor growth through a mech-
anism involving hyperpolymerization of the microtubules. Al-
though the blood–brain barrier penetration for this drug is
supposed to be low, several cases have been reported where
patients receiving taxol developed a clinical state characterized
by confusion, word-finding difficulty, and behavioral changes.
The symptoms resolved spontaneously but reappeared with each
subsequent infusion of the drug (26). Therefore our results
indicate that changes in AM expression levels may be responsible
for microtubule defects in the brain. It would be interesting to
explore whether any of the above mentioned disorders correlates
with changes in AM expression.

Our behavioral study indicates that mice with no AM in the
brain are more active but less coordinated than their wild-type
littermates. This behavior is consistent with lesions in the
hippocampus and cerebellum (27). A number of genetically
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modified mouse models affecting hormones, receptors, tran-
scription factors, or adhesion molecules show increased loco-
motion and/or impaired motor coordination (17), indicating that
these are basic behaviors than can be affected through different
pathways. Interestingly, our heterozygous mice behave exactly as
wild-type animals, suggesting that even a partial presence of AM
during brain development is enough to prevent damage.

Another characteristic of the mice lacking AM in the brain is
their excessive anxiety levels. In several genetically modified
models, a correlation between higher activity and higher anxiety
has been described (28, 29). Several AM related peptides have
been shown to modulate anxiety. For instance, intracerebroven-
tricular administration of AM results in higher levels of corti-
costerone, CRH, and prolactin (30). In a similar way, s.c.
injection of PAMP provoked an elevation on ACTH and cor-
ticosterone in the rat (31). In addition, several articles demon-
strate that when humans or experimental animals are subjected
to a diverse battery of stressors (restraint, dehydration, cold,
disease, acute exercise, or psychological pressure) the common
response is a sharp elevation on the levels of tissue and circu-
lating AM (32–34). In our mice lacking adm in the brain, we
observed a behavior consistent with higher basal stress levels
when compared to their wild-type littermates. This clearly
suggests that brain AM limits the magnitude of the stress
response.

Another observation pointing to an exacerbated anxiety in
mutant mice is the higher number of stereotypies observed in
these animals. This phenomenon is usually linked to obsessive-
compulsive disorders and gets modulated with the anxiety state
of the animal (35).

Even though mice lacking brain AM present higher anxiety
than their wild-type littermates, we did not find any difference
in ACTH nor corticosterone levels when comparing both geno-
types. Similar observations have been published on other mod-
ified organisms. For instance, when glycogen synthase kinase 3�
was overexpressed in transgenic mice, increase locomotor activ-
ity was described without changes in HPA hormones (29).

In most of the behavioral tests, we have observed age-related
changes with younger mice presenting more differences between
genotypes than older animals. Although some genetic modifi-
cations result in higher differences with increasing age (36), it is
not uncommon to find in the literature examples similar to our
data (37, 38). This diminution of phenotypic differences with age
may represent a compensatory mechanism that develops as the
animals get older. Several studies have found changes in the
expression of AM and its receptor through aging (39–41). These
age-related changes may be responsible for the loss of pheno-
typic differences between genotypes.

The brain is very sensitive to hypoxia due to its high metabolic
needs. In this scenario, the neuroprotective action of AM may be
due to a series of mechanisms; these include vasodilatation,
suppression of apoptosis and induction of angiogenesis, promo-
tion of astrocyte migration and survival (42), and protection
from oxidative stress (43). Our observation showing that depri-
vation of brain AM results in lower survival under hypoxic
conditions points to a neuroprotective function for central AM
and to an inefficiency for circulating AM to prevent injury.

Conditional knockout models provide excellent tools for the
investigation of specific functions. Our results have been gener-
ated with a promoter that gets activated in neural development
but other promoters would provide useful information on the
physiological effects of AM on other organs. The usefulness of
the floxed AM mouse as it is crossed with different Cre
transgenic lines is warranted.

Methods
Targeting Vectors, Electroporation, and Selection. For the adm gene, a replace-
ment-type targeting vector was constructed from a genomic fragment ob-

tained from a 129/SVJ mouse genomic library in Lambda FixII vector (Strat-
agene) (Fig. 1). The neo gene with the phosphoglycerate kinase 1 promoter
(pGKneo) was used as a selectable marker; the pGK-thymidine kinase cassette
was used as a negative selectable marker (44). Electroporation and selection
were performed using the CJ7 ES cell line as described elsewhere (44). DNAs
derived by G418/FIAU resistant ES clones were screened using a diagnostic
BamHI restriction enzyme digestion using the 5� and 3� probes external to the
targeting vector sequenced indicated in Fig. 1A. Recombinant clones contain-
ing the predicted 4-kb (for the 5� probe) and 12-kb (for the 3� probe) rear-
ranged band were obtained at a frequency of 1/2.

Generation of Mutant Mice. Three independent targeted ES cell clones for the
adm gene injected into C57BL/6J blastocysts generated chimeras that trans-
mitted the mutated allele to the progeny (45). Mice were bred in a specific,
pathogen-free facility with food and water ad libitum. These animals were
crossed with mice expressing Flp (FlpE, The Jackson Laboratory) and the
elimination of the neo cassette was confirmed by PCR (Table S1). FlpE trans-
genic mice were originally generated in a B6SJL background. However, the
original founder was backcrossed for at least 4 generations in a C57BL/6J
background before using for specific crosses. The resulting animals were
crossed until a homozygous colony where the adm gene was surrounded by
loxP sequences (floxed) was created. The floxed adm mice were crossed with
animals expressing Cre under either a ubiquitous promoter or the tubulin T�-1
promoter (18). Cre expressing mice were generated in a mixed C57BL/6J-C3H/
HeJ background and backcrossed 5 generations in a C57BL/6J background
before being used for experimental crosses. All experiments were performed
with littermates obtained from crosses of w/f Cre� (heterozygous for the
floxed allele and expressing Cre) parents.

Genotyping. DNA was extracted from tail clips and characterization of the
alleles for both AM and Cre was performed by PCR. Primer sequences are
shown in Table S1.

Real-Time RT-PCR Determinations. Total mRNA was extracted from different
tissues of knockout and wild-type mice using RNeasy kits (Qiagen). The mRNA
was reverse transcribed using SuperScript reverse transcriptase (Invitrogen).
PCR was performed using the Chromo4 (MJ Research) thermocycler and
software as described (12). All genes were normalized according to the 18S
rRNA concentration of each sample. Primers are summarized in Table S1.

Immunohistochemistry. Mice were fixed by transcardial perfusion with 4%
(wt/vol) paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brains
were removed, cut into blocks, and postfixed for 3 h at room temperature.
Free-floating sections were processed by the avidin-biotin peroxidase complex
technique following standard methods (4) using rabbit anti-de-tyrosinated
�-tubulin (glu-tubulin, Chemicon) as the primary antibody.

Activity Cage. Locomotor activity testing was performed in a VersaMax activity
cage (AccuScan Instruments). Vertical activity, horizontal activity, and stereotypy
counts were measured for wild-type and knockout mice. Groups were compared
by using Student’s t test. Results were considered significant at P � 0.05.

Rota-Rod Test. Motor coordination and equilibrium were analyzed in this test.
The animals were placed with the four paws on a 2.5-cm-diameter bar, 25 cm
above the floor, which was turning at 12 rpm. For each animal, the time of
permanence on the bar up to 5 min was registered. The experiment was
repeated 5 times per animal. Groups were compared by using Student’s t test.
Results were considered significant at P � 0.05.

Marble-Burying Assay. The number of unfamiliar objects (in this case marbles)
that are buried by a mouse in a specific period can be interpreted as a measure
of the anxiety level of that animal. Mice were placed individually into a cage
containing a 25-mm-deep layer of wooden chip bedding and 24 glass marbles
with a diameter of 15 mm. The marbles were evenly spaced against the walls
of the cage. Mice were left undisturbed for 30 min and the number of marbles
that were at least two-thirds buried was recorded. Groups were compared by
using Student’s t test. Results were considered significant at P � 0.05.

Drug Treatments. Methylphenidate was purchased from Laboratorios Rubio.
All mice were tested on the activity cage before receiving the drug. Each
mouse received 40 mg/kg methylphenidate diluted in 200 �l of PBS i.p. Activity
cage parameters were measured for each mouse immediately before, and 30
min, 1 h, and 22 h after receiving the drug. Haloperidol was obtained from
Almirall Prodesfarma. Mice received 0.1 mg/kg haloperidol i.p. Activity cage
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parameters were measured as above. Diazepam was purchased from Roche
Farma. Each mouse was injected i.p. with 2 mg/kg diazepam as described.
Activity cage parameters were measured as above.

Determination of Stress Hormones. Blood serum was obtained from knockout
and wild-type mice. ACTH and corticosterone were measured with specific
enzyme immunoassay kits (Phoenix and Assay Designs, respectively), follow-
ing manufacturers’ protocols.

Hypobaric Treatment. Altitude simulation was performed with a hypobaric
chamber (Enviromental Tectonics International) type 10M which allows re-

duction of the barometric pressure and control of the temperature and
relative humidity, as described (12). The ascent and descent rate was main-
tained �1,000 ft/min.

All procedures were carried out in accordance with the European Commu-
nities Council Directive (86/609/EEC) and reviewed by the Ethics Committee of
the Instituto Cajal.
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