
168 nature neuroscience •  volume 6  no  2  •  february 2003

articles

The adaptive response to stress includes behavioral and physio-
logical processes directed toward maintaining homeostasis1.
Severe or sustained stress can compromise this response and lead
to the development of behavioral disorders associated with cog-
nitive impairments, depression, fear and anxiety2. The amygdala
and the hippocampus are two critical components of the neu-
roanatomical stress circuit. The amygdala facilitates the stress
response3 and mediates aggression, fear and anxiety4. The hip-
pocampus, on the other hand, attenuates stress responses by shut-
ting off the hypothalamic-pituitary-adrenal (HPA) axis5 and is
involved in forming episodic, spatial and contextual memories6.
Both the amygdala and hippocampus show dendritic remodel-
ing in response to repeated stress7,8, but the mechanisms under-
lying this neuronal plasticity are poorly understood.

Extracellular proteolysis provides an attractive mechanism by
which the axons could remodel their synaptic connections. Pre-
cisely orchestrated exocytosis of a protease could facilitate axon-
al plasticity by degrading extracellular matrix proteins9,10,
interacting with membrane receptors11 or activating latent growth
factors12. One likely candidate for such a molecule is tissue plas-
minogen activator (tPA), a plasticity-related serine protease high-
ly expressed in the hippocampus and amygdala13,14. Although
the role of tPA in the hippocampus has been studied previous-
ly9,14–18, its role in the amygdala has not been addressed. Here
we show that tPA promotes stress-induced neuronal remodeling
in this region and that tPA is critical for the development of 
anxiety-like behavior after stress.

RESULTS
To investigate whether tPA has a role in the amygdala, we exam-
ined its expression pattern within this structure. tPA immunore-
activity was confined to the central and medial amygdala and was

Tissue plasminogen activator in the
amygdala is critical for stress-
induced anxiety-like behavior

Robert Pawlak1, Ana Maria Magarinos2, Jerry Melchor1, Bruce McEwen2 and Sidney Strickland1

1 Laboratory of Neurobiology and Genetics and 2Laboratory of Neuroendocrinology, The Rockefeller University, 1230 York Avenue, New York, 
New York 10021, USA

Correspondence should be addressed to S.S. (strickland@rockefeller.edu)

Published online 13 January 2003; doi:10.1038/nn998

Although neuronal stress circuits have been identified, little is known about the mechanisms that
underlie the stress-induced neuronal plasticity leading to fear and anxiety. Here we found that 
the serine protease tissue-plasminogen activator (tPA) was upregulated in the central and medial 
amygdala by acute restraint stress, where it promoted stress-related neuronal remodeling and 
was subsequently inhibited by plasminogen activator inhibitor-1 (PAI-1). These events preceded
stress-induced increases in anxiety-like behavior of mice. Mice in which the tPA gene has been
disrupted did not show anxiety after up to three weeks of daily restraint and showed attenuated
neuronal remodeling as well as a maladaptive hormonal response. These studies support the idea
that tPA is critical for the development of anxiety-like behavior after stress.

almost completely absent in the basolateral amygdala (Fig. 1).
The central and medial amygdala have extensive connections to
the paraventricular nucleus of the hypothalamus19, which impli-
cate these structures in the response of animals to stress20. There-
fore, to determine if tPA participates in the stress response, we
subjected mice to restraint stress and monitored changes in either
extracellular or total tPA activity in the amygdala and hip-
pocampus by in situ or SDS-PAGE zymography13, respectively.
Acute stress affected extracellular tPA activity in the medial and
central amygdala (F2,12 = 96.52; P < 0.0001), which was elevat-
ed fourfold 30 minutes after the beginning of the restraint 
(Fig. 2a–c and g; P < 0.001). This extracellular increase was
accompanied by a two-fold elevation of total tPA activity 
(Fig. 3a and b; P < 0.05). tPA activity returned to normal 18 hours
after the restraint was completed. This induction of tPA activity
was spatially specific, as there was no increase in tPA activity in
the hippocampus (Figs. 2a–c and 6a). In addition, the other form
of plasminogen activator, urokinase-type plasminogen activator
(uPA), was unaffected in the amygdala or hippocampus by stress
(Figs. 3a and b and 6a).

After the increase in the extracellular and total tPA activity,
extracellular tPA activity in the medial amygdala was markedly
attenuated 6 hours after the beginning of restraint (Fig. 2c and
g), which could reflect its inhibition or clearance. Neuroserpin
is a specific inhibitor of tPA found in the brain21, and we therefore
examined the regulation of its expression by stress using
immunoblotting. This protein was not upregulated by restraint
stress in the amygdala (data not shown); therefore it could not
be responsible for inhibiting tPA activity. Another possible
inhibitor was plasminogen activator inhibitor-1 (PAI-1), a major
protein upregulated after restraint stress in most tissues22. PAI-1
protein was upregulated in the areas showing reduced tPA 
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activity (Fig. 2c, f and g; P < 0.001), suggesting that PAI-1 was
responsible for this decrease. The upregulation of PAI-1 was
absent in tPA–/– mice (Fig. 2g and h), showing that tPA directly,
or via its effect on other molecules, induces PAI-1 expression.

Given the role of tPA in mediating neuronal plasticity and
the stress-induced increase in tPA activity in the medial and cen-
tral amygdala, it was possible that tPA participated in stress-
induced neuronal remodeling in these regions. To study this
possibility, we examined phosphorylation of extracellular 
signal–regulated kinase 1/2 (ERK1/2), a key event linking synap-
tic activity with postsynaptic plasticity and learning23,24. In
tPA+/+ mice, ERK1/2 phosphorylation in the amygdala was evi-
dent after 5 minutes of stress (P < 0.01) and returned to normal
by 15 minutes (Fig. 4a and b). The latter suggests rapid activation
of a phosphatase, serving as a negative feedback loop that con-
trols dephosphorylation of ERK1/2 (ref. 25). Phosphorylation
of ERK1/2 was not observed in tPA–/– mice at any time point (5,
15 min, Fig. 4a and b; 30 min, 2 h and 6 h, data not shown). This
result shows an essential role of tPA in triggering mechanisms
crucial for postsynaptic plasticity.

To study if axonal remodeling was similarly affected by stress,
we examined the expression of GAP-43, a presynaptic protein
used as a marker of axonal plasticity26. In wild-type mice, the
expression of GAP-43 in the amygdala increased considerably
after six hours of restraint stress (Fig. 4c, d, f and h), overlapping
spatially with changes in tPA activity. In contrast, there was no
increase in GAP-43 in the hippocampus (Fig. 6b). To further con-
firm the role of tPA in stress-induced plasticity in the amygdala,
we checked if stress similarly increases the expression of GAP-43
in tPA–/–mice. Depending on the method of detection (western
blotting or immunohistochemistry), the stress-induced increase

in GAP-43 was either abolished (Fig. 4c and d) or attenuated in
the medial amygdala of tPA–/– compared with tPA+/+ animals
(Fig. 4f–i). Taken together, these results suggest that tPA pro-
motes stress-induced neuronal plasticity in this region.

As neuronal plasticity may underlie the behavioral changes
observed after stress, we explored whether tPA affects stress-
induced behavior modifications. To this end, we subjected tPA+/+

and tPA–/– mice before and after stress to the elevated-plus maze,
a test which requires an intact amygdala27 and measures the level
of fear and anxiety. This maze takes advantage of the natural ten-
dency of rodents to prefer closed spaces to open spaces, which is
exacerbated when their anxiety level is high. This model is known
to depend on the central amygdala where tPA is expressed, but
is less dependent on the basolateral amygdala27, where we did
not observed any tPA protein. ANOVA revealed a strong effect
of the genotype on the number of entries to open arms of the
elevated-plus maze after stress (F1,45 = 11.44; P = 0.001). Acute
stress resulted in a decrease in open arm entries in tPA+/+ mice
(Tukey post-hoc comparison, P = 0.037; Fig. 5a), whereas 21 days
of daily restraint led to some habituation. The number of entries
to the closed arms as well as head dips to the open arms were

articles

nature neuroscience •  volume 6  no  2  •  february 2003 169

Fig. 1. The expression of tissue plasminogen activator (tPA) in the
amygdala. (a) The anatomical organization of the amygdala visible on
cresyl violet–stained section helps identify tPA immunoreactivity (red 
in b) and activity (dark lytic zones on in situ zymography in c) in central
(CA) and medial (MA), but not in basolateral (BLA) amygdala.

Fig. 2. The regulation of extracellular tissue plasminogen activator
(tPA) activity by restraint stress in the hippocampus and amygdala. 
(a–c) In situ zymography of extracellular tPA activity (dark lytic zones)
shows that in basal conditions (a) tPA is active in the hippocampal mossy
fiber pathway (upper arrowhead in a) and in the central and medial
amygdala (lower arrowhead in a). Extracellular tPA activity increased
after 30 min of restraint stress (b) and was subsequently inhibited 6 h
later (c) (quantification in g). This inhibitory factor was identified as
plasminogen activator inhibitor-1 (PAI-1), as shown by immunohisto-
chemistry performed on adjacent brain sections (green in d–f and quan-
tification in g). The increase in PAI-1 was absent in tPA–/– mice after 6 h
of stress (h, quantified in g). NS, no stress; 0.5 and 6 h indicate the dura-
tion of the restraint. ***P < 0.001 versus NS.
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similarly altered by stress in these animals (Fig. 5b and c). In
tPA–/– mice, however, none of these parameters was altered by
stress (Fig. 5a–c). This finding shows that tPA participates in the
increase in anxiety after stress, probably through facilitating neu-
ronal plasticity in the medial and central amygdala, the impor-
tance of which for various kinds of the anxiety-like behavior is
well-documented27,28. Although the elevated-plus maze might
also require the hippocampus, it seems unlikely that it affected
our study, as acute stress did not have any effect on either tPA
activity (Figs. 2a–c and 6a) or neuronal plasticity (Fig. 6b) with-
in this structure.

A primary substrate of tPA is plasminogen: tPA converts plas-
minogen to the broad-spectrum protease plasmin. To investigate
if the effect of tPA is plasminogen-dependent, we subjected plas-
minogen–/– mice to restraint stress and monitored their level of
anxiety in the elevated-plus maze. Plasminogen–/– mice reacted
to stress similarly to wild-type animals (significant effect of stress
on the open arm entries, F2,41 = 7.29; P < 0.01; lack of effect of
the genotype; Fig. 5d), indicating that the observed effect of tPA
did not depend on plasminogen.

One possible explanation for the lack of anxiety in tPA–/– mice
after restraint is that this procedure is not stressful to them for
some reason. A useful indicator of stress level is the activation of
the HPA axis, which can be estimated by the plasma concentra-
tion of corticosterone. We therefore measured this hormone in
tPA+/+ and tPA–/– mice before, immediately after, and 
90 minutes after a 30-minute restraint period. Pre-stress corti-
costerone plasma levels did not differ between the two genotypes.
Both tPA+/+ and tPA–/– mice responded to a 30-minute restraint
stress with a significant increase in corticosterone secretion
(Tukey post-hoc comparisons; P < 0.001 for both tPA+/+ and
tPA–/–, compared with the respective pre-stress levels), but the
corticosterone levels of tPA–/– mice were 30% higher than those
of tPA+/+ animals (P < 0.005). In addition, and unlike tPA+/+

mice, corticosterone levels in tPA–/– mice did not return to pre-
stress levels after a recovery period (P < 0.001 and P < 0.005 com-
pared with pre-stress levels in tPA–/– mice and levels in tPA+/+ at
the same time point, respectively; Fig. 7).

Adaptation to chronic restraint stress was investigated by
measuring plasma corticosterone levels in mice immediately
before their 21st day of restraint stress. At that point, corticos-
terone levels in tPA+/+ mice had returned to pre-stressed, basal
levels. In contrast, tPA–/– mice tended to show elevated corti-
costerone levels before their final restraint stress session, com-
pared with naive tPA+/+ and tPA–/– mice, but no statistical
significance was reached (Fig. 7). These results show that tPA is
not necessary for the stress-induced activation of the HPA axis,
but does participate in the extent and duration of the hormon-
al response to stress.

DISCUSSION
Prolonged, intense stress can cause functional and morphologi-
cal changes in the brain29,30 and can trigger pathological anxiety-
like behavior, such as that observed in posttraumatic stress
syndrome31. The amygdala is critical for the processing of vari-
ous kinds of emotions including fear and anxiety4,32. Both neu-
ronal plasticity4 and long-term potentiation (LTP)-like events33

have been observed in the amygdala of animals undergoing fear
conditioning, suggesting that the development of these emotions
involves mechanisms similar to learning. Moreover, stress causes
neuronal remodeling within the amygdala8, which could either
be adaptive and aimed to attenuate the traumatic impact of stress
on the brain or could reflect the disruption of putative protective
mechanisms. The mechanisms underlying this stress-induced neu-
ronal plasticity and anxiety have not yet been identified.

Activity-evoked extracellular proteolysis is an attractive mech-
anism that could translate electrophysiological events into more
permanent structural remodeling of the synaptic connections.
The serine protease tPA, which is released from neurons upon
excitation10,34,35, can facilitate learning17 by mediating axonal
plasticity10 and formation of new synapses10,36 in the hip-
pocampus. The presence of tPA in the medial and central amyg-
dala, regions showing strong connections with the paraventricular
hypothalamus and hypothalamic-pituitary-adrenal (HPA)
axis19,20, suggests that it could be important for appropriate pro-
cessing of stress-related information.

Our work identifies tPA in the amygdala as a key player in a
sequence of events which may link experience-dependent plas-
ticity with the development of anxiety. First, tPA is released from
neurons into the extracellular space in a spatially restricted man-
ner. This release is followed by the elevation of intracellular tPA,
most likely reflecting an increase in its transcription or transla-
tion. The liberated tPA provides a signal to the postsynaptic
machinery to phosphorylate ERK1/2, a trigger for plasticity-like
events23,24. Respective axonal counterparts are also structurally
modified at later time points. Finally, tPA forms a complex with
its inhibitor PAI-1 upon completion of neuronal remodeling.
These events precede the development of anxiety after stress. Our
findings are consistent with previous reports showing the release
of tPA into the extracellular space upon neuronal depolariza-
tion10,34,35, subsequent upregulation of tPA mRNA following var-
ious forms of neuronal activity14 and upregulation of PAI-1 after
restraint stress22.
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Fig. 3. Stress increases total tPA activity in the amygdala. (a, b) SDS-
PAGE zymography shows that tPA activity (extracellular plus intracellu-
lar) increased in amygdala homogenates 2 h after the beginning of stress
and returned to normal levels 18 h after the stress was completed. 
(b) No corresponding changes in urokinase-type plasminogen activator
(uPA) were observed. NS, no stress; solid line under x-axis indicates the
duration of the restraint. *P < 0.05 versus NS.
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These results raise the question of the identity of a sub-
strate/receptor that tPA acts upon to promote neuronal remod-
eling. A primary substrate of tPA is plasminogen, which it
converts to the broad-spectrum protease plasmin. As plasmin
can modulate neuronal activity37 and promote neuronal death9,
we investigated whether the effect of tPA in the amygdala depends
on plasminogen activation. The action of tPA on neuronal plas-
ticity did not require plasminogen, similar to facilitation of elec-
trical activity by tPA within the limbic circuit38.

If plasminogen is not involved, what is the mechanism by
which tPA facilitates neuronal plasticity and promotes anxiety?
It is possible that tPA could facilitate LTP in the medial amyg-

dala, as it does in the hippocampus39,40. The mechanism of LTP
in the medial amygdala, where tPA is expressed, seems to differ
from LTP in the lateral nuclei41, where tPA is not present. For
example, LTP in the medial amygdala is more dependent on the
activation of NMDA receptors than that in the lateral amygdala41.
Thus, the role of tPA could involve the modification of the NR1
subunit11, leading to potentiation of NMDA receptor signaling.
Alternatively, the effect of tPA could be non-proteolytic42 and
mediated by the low-density lipoprotein receptor–related pro-
tein (LRP)43. LRP is abundantly expressed in the brain and is a
major clearance receptor for both tPA and tPA/PAI-1 complex-
es. The interaction between tPA and LRP is crucial for the main-
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Fig. 4. tPA mediates synaptic plasticity in the amygdala. (a and quantification in b) Stress resulted in phosphorylation of postsynaptic extracellular 
signal-regulated kinase (P-ERK1/2) at 5 min (5′; **P < 0.01 versus baseline), which was not observed in tPA–/– mice. ERK1/2 phosphorylation returned
to normal at 15 min (15′) after stress. (c–i) The expression of GAP-43, a marker of axonal plasticity, was analyzed in the whole amygdala by western
blotting (c, d) and in the medial amygdala (indicated by the box in e, a representative, DAPI-stained section) by immunohistochemistry (red in f–i).
GAP-43 was upregulated by stress in tPA+/+ mice (c, d, f, h), and this upregulation was either absent (c, d) or attenuated (g, i) in tPA–/– mice. ANOVA
revealed a major effect of the genotype (F1,17 = 14.81, P < 0.01) and significant genotype × time interaction (F2,17 = 3.8; *P < 0.05 versus tPA–/–) in (d).
NS, no stress; 5′, 15′, 30′, 2 h and 6 h indicate the duration of the restraint.
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tenance of LTP in the hippocampus43. It is possible that LRP
could serve a similar physiological role in the amygdala, pro-
moting LTP and neuronal remodeling, as well as the develop-
ment of region-specific behaviors such as contextual learning in
the hippocampus and anxiety in the amygdala.

The conclusion that tPA acts in the amygdala, and not in the
hippocampus, to facilitate stress-induced anxiety-like behavior
is based on the fact that acute stress upregulates tPA, PAI-1 and
GAP-43 specifically in the amygdala. Although these proteins
are also present in the hippocampus, none of them was modu-
lated by stress. These findings strongly suggest that after acute
restraint-stress, an increase in anxiety is mediated primarily by
tPA in the amygdala.

Our results show that tPA is not necessary for activation of
the HPA axis, and therefore functions at some other point to
modulate stress. There are presumably many factors that con-
verge to generate stress-induced plasticity, and tPA is one criti-
cal, but not the only, element.

It is well documented that the basolateral amygdala is involved
in classical fear conditioning and serves as a putative site of emo-
tional learning4,32. Consistent with the fact that tPA is not
expressed in the basolateral amygdala, tPA–/– mice do not have
deficits in fear conditioning39. It is possible that tPA gene dis-
ruption could affect the ability of stress to modulate fear condi-
tioning through its influence on the central amygdala, in which
tPA is expressed. Other serine proteases such as neuropsin, which
is expressed in the basolateral amygdala44, could directly facili-
tate neuronal plasticity related to conditioned fear, serving a func-
tion similar to that of tPA in other amygdala regions. Therefore,
synaptic mechanisms activated in response to conditioned and
unconditioned stimuli may differ according to the region involved
(basolateral versus medial amygdala), the molecular machinery
used (tPA versus other proteases) and/or the time of its activa-
tion. In the present study, for example, phosphorylation of
ERK1/2 occurred more rapidly than typically observed after fear
conditioning and was more transient in nature45.

In summary, our study shows that tPA is an important medi-
ator of neuronal remodeling in the medial amygdala and is essen-
tial for the development of stress-induced anxiety, relevant to
that observed in posttraumatic stress syndrome. tPA and/or its
molecular collaborators could thus be new pharmacological tar-
gets for the development of drugs for anxiety disorders.

METHODS
Restraint stress. Three-month old wild-type C57/BL/6 (tPA+/+, plas-
minogen+/+) and tPA or plasminogen knockout mice (tPA–/– and plas-
minogen–/–; generous gift of P. Carmeliet and D. Collen) were
back-crossed to C57/BL/6 for nine generations. Experiments were per-
formed during the light period of the circadian cycle. Control animals
(n = 4–10 per genotype at each time point) were left undisturbed, and
stressed animals (n = 4–10) were subjected to a single 30-min, 2-h or 
6-h restraint or to daily 6-h restraint stress for 3 weeks in a separate room.
The mice were placed in their home cages in wire mesh restrainers
secured at the head and tail ends with clips. All the results are expressed
as mean ± s.e.m. The experiments were approved by the Rockefeller Uni-
versity Laboratory Animal User’s Committee.

In situ and SDS-PAGE zymography. In situ and SDS-PAGE zymography
was performed as previously described13. For SDS-PAGE zymography,
the hippocampus was dissected as previously described46. The amygdala
(–0.5 to –2.5 mm from bregma) was dissected using coronal mouse brain
template (ASI Instruments, Warren, Michigan), homogenized in 0.1 M
Tris 0.1% Triton X-100 (pH 7.2), and the protein concentration was
adjusted to 2 mg/ml with the same buffer. The samples (15 µl) were elec-
trophoresed on 7.5–10% SDS-polyacrylamide gels without reduction.
After soaking in 2.5% Triton X-100, the gels were incubated overnight
on casein-agar indicator films containing 10 mM Tris, 10 mg/ml of
agarose, 2% skim milk and 4 µg/ml of human Glu-plasminogen, in a
humid chamber at 37 °C and photographed.
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Fig. 5. Lack of stress-induced anxiety in the absence of tPA but not in
the absence of plasminogen. The day after indicated periods of stress,
the mice were subjected to the elevated-plus maze, which measures
anxiety level. Stress elevated the level of anxiety, as judged by the
decrease in the number of entries to the open arms in wild-type mice
(tPA+/+ and plasminogen+/+; open circles in a and d). (b, c) Other behav-
ioral measures were also altered by stress. These responses were not
observed in tPA–/– mice (black squares in a–c). Unlike tPA–/– mice, plas-
minogen–/– mice showed the usual response to stress (black circles in d),
showing that tPA must use a substrate different from plasminogen to
promote stress-induced anxiety (see statistical analysis in the text). NS,
no stress; 21 × 6 h indicates 6 hours of daily restraint for 21 consecutive
days. *P < 0.05, **P < 0.01,***P < 0.001 versus tPA+/+.
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For in situ zymography, mice were anesthetized and transcardially per-
fused with ice-cold isotonic saline, their brains were removed, frozen and
cut at 15 µm-thick sections. The overlay mixture (identical as for SDS-
PAGE zymography) was prepared at 42 °C and 300 µl were applied to
the prewarmed brain sections mounted on glass slides and spread even-
ly under glass coverslips. The slides were incubated at 37 °C in humid
chambers and the developed zymograms were examined under dark-
field illumination.

The optical density of the bands (SDS-PAGE zymography or western
blotting) or area of lysis (in situ zymography) were measured using 
NIH Image.

Immunohistochemistry and western blotting. Immediately after the
restraint session, mice were anesthetized with 2.5% avertin. The animals
were perfused transcardially with PBS (with 10 mM NaF and 10 mM 
β-glycerophosphate for the phosphorylation study), their brains removed
and frozen. Coronal brain sections (15 µm) were cut, collected on silane-
coated slides and stored in –80 °C until analyzed. The sections were then
fixed with 4% paraformaldehyde in PBS for 25 min at 4 °C, rinsed,
blocked with 1% BSA and 1% goat serum and incubated with primary
antibodies: rabbit anti-tPA (1:1,500, Molecular Innovations, Southfield,
Michigan), rabbit anti-GAP-43 (1:5,000, Chemicon, Temecula, Califor-
nia), rabbit anti-PAI-1 (1:1,000, American Diagnostica, Greenwich, Con-
necticut) and rabbit anti-PAI-1 (1:1,000, gift from D. Loskutoff) for 2 h
at room temperature. For tPA and GAP-43, the sections were then rinsed
and incubated with biotinylated goat anti-rabbit secondary antibody

(1:1,000, Vector Laboratories, Burlingame, California) followed by either
streptavidin-HRP (1:500, Vector) and NovaRed (Vector) or ExtrAvidin-
Cy3 conjugate (1:500, Sigma, St. Louis, Missouri). For PAI-1, FITC-con-
jugated anti-rabbit secondary antibody was used (Vector, 1:500). The
images were obtained using a Zeiss Axioscope 2 equipped with appro-
priate fluorescent filters and connected to a digital camera. For quantifi-
cation, the fluorescent pictures were converted to grayscale with Adobe
Photoshop and the signal intensity was measured using NIH Image. West-
ern blotting (the samples homogenized in 0.1 M Tris, 10 mM NaF and
10 mM β-glycerophosphate, 0.1% Triton-X, pH 7.2 and the protein con-
centration adjusted to 2 mg/ml, 5 and 25 µg of total protein per lane,
respectively) was performed using rabbit anti-GAP-43 (Chemicon,
1:2,500) or rabbit anti-phospho-ERK1/2 (1:1,000, Cell Signaling, Bev-
erly, Massachusetts) and, after stripping, re-blotted with rabbit anti-
ERK1/2 (1:1,000) followed by HRP-conjugated goat anti-rabbit IgG
(1:1,000, Vector). For quantification, the level of phosphorylated form
of ERK1/2 was normalized to total ERK1/2.
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Fig. 6. Acute stress does not affect tPA, uPA or GAP-43 levels in the hippocampus. (a) SDS-PAGE zymography of hippocampal homogenates shows
similar total tPA and uPA activity before and after stress. Extracellular tPA activity was also unaffected (quantification in a; see Fig. 2a–c for exam-
ples). (b) Western blot analysis showed that stress did not affect GAP-43 in the hippocampus of tPA+/+ and tPA–/– mice. NS, no stress; 2 h and 6 h indi-
cate the duration of the restraint.

Fig. 7. The effect of acute and chronic stress on plasma corticosterone
(CORT) levels (ng/ml) in tPA+/+ and tPA–/– mice. Two-way ANOVA
revealed a significant genotype × time interaction (F2,24 = 3.80, P = 0.037).
Circulating CORT levels were higher in tPA–/– mice immediately after 
30-min acute restraint stress, compared with those detected in tPA+/+

animals. After 90-min recovery, hormonal levels of tPA+/+ mice did not
differ from pre-stress levels, whereas tPA–/– mice showed an impaired
shutoff of the hormonal stress response. See Results for detailed statisti-
cal analysis. **P < 0.005 versus tPA+/+.
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Elevated-plus maze. Stressed animals were tested the following morn-
ing, and subjected to the maze only once. The apparatus was made of
four wooden arms (two enclosed arms, 67 × 7 × 17 cm, that formed a
cross shape with the two open arms 67 × 7 cm). The maze was 55 cm
above the floor and dimly illuminated. The mice were placed on the cen-
tral platform facing an open arm and allowed to explore the apparatus
for 5 min. The sessions were videotaped for subsequent analysis. The
numbers of entries of the animal from the central platform to closed or
open arms was counted.

Corticosterone measurement. Blood was obtained by tail clipping in less
than 30 s after removing the mice from their home cages. Heparinized
tubes were centrifuged and the plasma separated and analyzed for cor-
ticosterone levels using I125 RIA-based kit (ICN Diagnostics, Orange-
burg, New York) according to manufacturer instructions.

Acknowledgments
This study was supported by National Institutes of Health grants NS-35704 

and NS-38472. We thank Z-L. Chen for sharing his expertise in immunohisto-

chemistry, P. Mercado and Y. Keptsi for technical assistance, and the members of

Strickland Lab for discussion.

Competing interests statement
The authors declare that they have no competing financial interests.

RECEIVED 25 NOVEMBER; ACCEPTED 12 DECEMBER 2002

1. Selye, H. A syndrome produced by diverse nocuous agents. Nature 138, 32
(1936).

2. Holsboer, F. The rationale for corticotropin-releasing hormone receptor
(CRH-R) antagonists to treat depression and anxiety. J. Psychiatr. Res. 33,
181–214 (1999).

3. Allen, J.P. & Allen, C.F. Role of the amygdaloid complexes in the stress-
induced release of ACTH in the rat. Neuroendocrinology 15, 220–230
(1974).

4. Rogan, M.T. & LeDoux, J.E. Emotion: systems, cells, synaptic plasticity. Cell
85, 469–475 (1996).

5. McEwen, B.S. Corticosteroids and hippocampal plasticity. Ann. NY Acad. Sci.
746, 134–142 (1994).

6. Lisman, J.E. Relating hippocampal circuitry to function: recall of memory
sequences by reciprocal dentate-CA3 interactions. Neuron 22, 233–242
(1999).

7. Magarinos, A.M., Verdugo, J.M. & McEwen, B.S. Chronic stress alters
synaptic terminal structure in hippocampus. Proc. Natl. Acad. Sci. USA 94,
14002–14008 (1997).

8. Vyas, A., Mitra, R., Shankaranarayana Rao, B.S. & Chattarji, S. Chronic stress
induces contrasting patterns of dendritic remodeling in hippocampal and
amygdaloid neurons. J. Neurosci. 22, 6810–6818 (2002).

9. Chen, Z.L. & Strickland, S. Neuronal death in the hippocampus is promoted
by plasmin-catalyzed degradation of laminin. Cell 91, 917–925 (1997).

10. Baranes, D. et al. Tissue plasminogen activator contributes to the late phase of
LTP and to synaptic growth in the hippocampal mossy fiber pathway. Neuron
21, 813–825 (1998).

11. Nicole, O. et al. The proteolytic activity of tissue-plasminogen activator
enhances NMDA receptor-mediated signaling. Nat. Med. 7, 59–64 (2001).

12. Mars, W.M., Zarnegar, R. & Michalopoulos, G.K. Activation of hepatocyte
growth factor by the plasminogen activators uPA and tPA. Am. J. Pathol. 143,
949–958 (1993).

13. Sappino, A.P. et al. Extracellular proteolysis in the adult murine brain. J. Clin.
Invest. 92, 679–685 (1993).

14. Qian, Z., Gilbert, M.E., Colicos, M.A., Kandel, E.R. & Kuhl, D. Tissue-
plasminogen activator is induced as an immediate-early gene during seizure,
kindling and long-term potentiation. Nature 361, 453–457 (1993).

15. Tsirka, S.E., Rogove, A.D. & Strickland, S. Neuronal cell death and tPA.
Nature 384, 123–124 (1996).

16. Tsirka, S.E., Gualandris, A., Amaral, D.G. & Strickland, S. Excitotoxin-
induced neuronal degeneration and seizure are mediated by tissue
plasminogen activator. Nature 377, 340–344 (1995).

17. Madani, R. et al. Enhanced hippocampal long-term potentiation and
learning by increased neuronal expression of tissue-type plasminogen
activator in transgenic mice. EMBO J. 18, 3007–3012 (1999).

18. Salles, F.J. & Strickland, S. Localization and regulation of the tissue
plasminogen activator-plasmin system in the hippocampus. J. Neurosci. 22,
2125–2134 (2002).

19. Gray, T.S., Carney, M.E. & Magnuson, D.J. Direct projections from the central
amygdaloid nucleus to the hypothalamic paraventricular nucleus: possible
role in stress-induced adrenocorticotropin release. Neuroendocrinology 50,
433–446 (1989).

20. Herman, J.P., Prewitt, C.M. & Cullinan, W.E. Neuronal circuit regulation of
the hypothalamo-pituitary-adrenocortical stress axis. Crit. Rev. Neurobiol.
10, 371–394 (1996).

21. Hastings, G.A. et al. Neuroserpin, a brain-associated inhibitor of tissue
plasminogen activator is localized primarily in neurons. Implications for the
regulation of motor learning and neuronal survival. J. Biol. Chem. 272,
33062–33067 (1997).

22. Yamamoto, K. et al. Plasminogen activator inhibitor-1 is a major stress-
regulated gene: implications for stress-induced thrombosis in aged
individuals. Proc. Natl. Acad. Sci. USA 99, 890–895 (2002).

23. Adams, J.P. & Sweatt, J.D. Molecular psychology: roles for the ERK MAP
kinase cascade in memory. Annu. Rev. Pharmacol. Toxicol. 42, 135–163
(2002).

24. Impey, S., Obrietan, K. & Storm, D.R. Making new connections: role of
ERK/MAP kinase signaling in neuronal plasticity. Neuron 23, 11–14 (1999).

25. Davis, S., Vanhoutte, P., Pages, C., Caboche, J. & Laroche, S. The MAPK/ERK
cascade targets both Elk-1 and cAMP response element- binding protein to
control long-term potentiation-dependent gene expression in the dentate
gyrus in vivo. J. Neurosci. 20, 4563–4572 (2000).

26. Benowitz, L.I. & Routtenberg, A. GAP-43: an intrinsic determinant of
neuronal development and plasticity. Trends Neurosci. 20, 84–91 (1997).

27. Thorsell, A., Carlsson, K., Ekman, R. & Heilig, M. Behavioral and endocrine
adaptation, and up-regulation of NPY expression in rat amygdala following
repeated restraint stress. Neuroreport 10, 3003–3007 (1999).

28. Luiten, P.G., Koolhaas, J.M., de Boer, S. & Koopmans, S.J. The cortico-medial
amygdala in the central nervous system organization of agonistic behavior.
Brain Res. 332, 283–297 (1985).

29. McEwen, B.S. Stress and hippocampal plasticity. Annu. Rev. Neurosci. 22,
105–122 (1999).

30. McEwen, B.S. & Sapolsky, R.M. Stress and cognitive function. Curr. Opin.
Neurobiol. 5, 205–216 (1995).

31. McEwen, B.S. The neurobiology and neuroendocrinology of stress
implications for post-traumatic stress disorder from a basic science
perspective. Psychiatr. Clin. North Am. 25, 469–494 (2002).

32. Fanselow, M.S. & LeDoux, J.E. Why we think plasticity underlying Pavlovian
fear conditioning occurs in the basolateral amygdala. Neuron 23, 229–232
(1999).

33. Rogan, M.T., Staubli, U.V. & LeDoux, J.E. Fear conditioning induces
associative long-term potentiation in the amygdala. Nature 390, 604–607
(1997).

34. Gualandris, A., Jones, T.E., Strickland, S. & Tsirka, S.E. Membrane
depolarization induces calcium-dependent secretion of tissue plasminogen
activator. J. Neurosci. 16, 2220–2225 (1996).

35. Parmer, R.J. et al. Tissue plasminogen activator (t-PA) is targeted to the
regulated secretory pathway. Catecholamine storage vesicles as a reservoir for
the rapid release of t-PA. J. Biol. Chem. 272, 1976–1982 (1997).

36. Neuhoff, H., Roeper, J. & Schweizer, M. Activity-dependent formation of
perforated synapses in cultured hippocampal neurons. Eur. J. Neurosci. 11,
4241–4250 (1999).

37. Nakagami, Y., Abe, K., Nishiyama, N. & Matsuki, N. Laminin degradation by
plasmin regulates long-term potentiation. J. Neurosci. 20, 2003–2010 (2000).

38. Yepes, M. et al. Regulation of seizure spreading by neuroserpin and tissue-
type plasminogen activator is plasminogen-independent. J. Clin. Invest. 109,
1571–1578 (2002).

39. Huang, Y.Y. et al. Mice lacking the gene encoding tissue-type plasminogen
activator show a selective interference with late-phase long-term potentiation
in both Schaffer collateral and mossy fiber pathways. Proc. Natl. Acad. Sci.
USA 93, 8699–8704 (1996).

40. Frey, U., Muller, M. & Kuhl, D. A different form of long-lasting potentiation
revealed in tissue plasminogen activator mutant mice. J. Neurosci. 16,
2057–2063 (1996).

41. Chapman, P.F. & Chattarji, S. Synaptic plasticity in the amygdala. in The
Amygdala (ed. Aggleton, J.P.) 117–153 (Oxford Univ. Press, 2000)

42. Kim, Y.H., Park, J.H., Hong, S.H. & Koh, J.Y. Nonproteolytic neuroprotection
by human recombinant tissue plasminogen activator. Science 284, 647–650
(1999).

43. Zhuo, M. et al. Role of tissue plasminogen activator receptor LRP in
hippocampal long- term potentiation. J. Neurosci. 20, 542–549 (2000).

44. Chen, Z.L. et al. Expression and activity-dependent changes of a novel
limbic-serine protease gene in the hippocampus. J. Neurosci. 15, 5088–5097
(1995).

45. Schafe, G.E. et al. Activation of ERK/MAP kinase in the amygdala is required
for memory consolidation of pavlovian fear conditioning. J. Neurosci. 20,
8177–8187 (2000).

46. Glowinski, J. & Iversen, L. Regional studies of catecholamines in the rat brain.
3. Subcellullar distribution of endogenous and exogenous catecholamines in
various brain regions. Biochem. Pharmacol. 15, 977–987 (1966).

©
20

03
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
n

eu
ro

sc
ie

n
ce


