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Early Life Stress Changes Concentrations of
Neuropeptide Y and Corticotropin-releasing
Hormone in Adult Rat Brain. Lithium
Treatment Modifies These Changes

Henriette Husum, M.Sc., and Aleksander A. Mathé, M.D., Ph.D.

Experiences of early life stress are more prevalent among
depressed patients than healthy controls. Neuropeptide Y
(NPY) was suggested to play a role in the pathophysiology
of depression. Consequently, we investigated in adult rats
the effects of maternal deprivation for 3 h/day during
postnatal days (PND) 2-14 and of dietary lithium during
PND 50-83 on brain levels of NPY-like immunoreactivity
(LI). Brain levels of corticotropin-releasing hormone (CRH)
and serum corticosterone were also measured. Maternal
deprivation reduced NPY-LI levels in the hippocampus and
the striatum but increased NPY-LI and CRH-LI levels in
the hypothalamus. Lithium treatment counteracted the

effect of maternal deprivation in the hippocampus and
striatum by increasing NPY-LI levels. In the hypothalamus,
lithium tended to decrease CRH-LI but further increased
levels of NPY-LI; it also increased serum corticosterone
levels. The results suggest that early life stress has long-
term effects on brain NPY with implications for the
development of depression/vulnerability to stress, and that
one therapeutic mechanism of action of lithium is to
increase brain NPY.
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The etiology and pathophysiology of major depression
remain largely unknown. Epidemiological and genetic
data indicate that both environmental and genetic fac-
tors are operative in the precipitation and development
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of the disorder. Clinical studies have found a higher
prevalence of childhood abuse/neglect or parental loss
(i.e. separation from parents or parental death) among
depressed patients than healthy control subjects (Agid
et al. 1999; Kendler et al. 1992; McCauley et al. 1997;
Tennant et al. 1982). Early life stress may cause changes
in the central nervous system e.g. hypothalamic-pitu-
itary adrenal (HPA) dysregulation that is associated
with an increased risk of adult life depressive psycho-
pathology (Arborelius et al. 1999; Holsboer 2000). Ani-
mal models have been developed to investigate these
phenomena, and in non-human primates and rats, early
life maternal deprivation leads to an increased activity
and sensitivity of the HPA axis (Arborelius et al. 1999;
Kalin and Carnes 1984; Ladd et al. 1996; Liu et al. 1997;
Meaney et al. 1989; Plotsky and Meaney 1993).
Neuropeptide Y (NPY), a 36-amino acid peptide
member of the pancreatic polypeptide family (Tatemoto
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et al. 1982), affects a variety of functions in the central
nervous system (CNS); for example, it modifies food in-
take, ethanol consumption, circadian rhythms, memory
processing, and anxiety behavior and has also been pro-
posed to play a role in depression (Widerlév et al. 1986).
Thus, most studies found reduced concentrations of
NPY in cerebrospinal fluid (CSF) or plasma from de-
pressed patients (Mathé et al. 1996; Westrin et al. 1999;
Widerlov et al. 1986), although contradictory findings
have also been reported (Gjerris et al. 1992). In rodents,
Flinders Sensitive Line rats, Fawn Hooded rats, and bul-
bectomized rats, all considered to be models of depres-
sion, have reduced levels of NPY in the hippocampus
and an exaggerated immobility in the Porsolt swim test
(Holmes et al. 1998; Overstreet et al. 2001). Interestingly,
central administration of NPY reduces immobility in a
manner comparable to that of imipramine (Husum et al.
2000; Stogner and Holmes 2000). Moreover, antidepres-
sants, electroconvulsive stimulations (ECS), and lithium
were found to increase hippocampal NPYergic neu-
rotransmission (Husum et al. 2000; Jiménez Vasquez et
al. 2000; Mathé et al. 1997; Stenfors et al. 1989; Widdow-
son and Halaris 1989; Zachrisson et al. 1995a,b). Taken
together, these studies suggest an antidepressant-like
profile of NPY and support our hypothesis that NPY
plays a role in the pathophysiology of depression and
that the therapeutic effects of antidepressant and/or
mood stabilizing treatment modalities are mediated, at
least in part, via the NPY system (Mathé 1999).

In mammals, the endocrine stress response is associ-
ated with an activation of the HPA-axis, primarily con-
trolled by corticotropin-releasing hormone (CRH, CRF),
a 41-amino acid hormone (Vale et al. 1981). Synapses be-
tween NPY containing neurons and dendrites and cell
bodies of CRHergic neurons have been demonstrated in
the hypothalamic paraventricular nucleus (PVN) (Lipos-
its et al. 1988) and central administration of NPY stimu-
lates the synthesis and release of CRH in the PVN and in-
creases plasma levels of ACTH and corticosterone
(Albers et al. 1990; Haas and George 1987; Leibowitz et
al. 1988; Suda et al. 1993; Tsagarakis et al. 1989; Wahlest-
edt et al. 1987). These experiments indicate that in addi-
tion to CRH, hypothalamic NPY is also involved in the
endocrine response to stress. In view of the above, the
purpose of the present study was to investigate in adult
rats the consequence of early life maternal deprivation
on concentrations of NPY and CRH in subcortical brain
regions and on plasma corticosterone and whether lith-
ium treatment will modify such effects.

MATERIALS AND METHODS
Animals

Timed-pregnant Sprague-Dawley rats (B&K Universal,
Sweden) arrived at the animal facility on gestational
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day 12. The day of delivery was designated postnatal
day (PND) 0. On PND 2, the pups were sexed and
culled into litters of 8-10 male pups and randomly as-
signed to maternal deprivation for 15 (MS15) or 180
min/day (MS180). The separation procedures took
place from PND 2-14. During the separation, the pups
were placed in a neonatal incubator to prevent meta-
bolic changes caused by change of body temperature.
Non-handled pups (NH) were left undisturbed until
PND 23 when all pups were weaned. From this day on-
wards, the rats were maintained five per cage at a con-
stant room temperature of 22 + 1°C in a 12-h light/dark
cycle (light on at 6:00 A.M.) with free access to chow
(Lactamin R36) and tap water. The experiments met the
guidelines approved by Stockholm’s Ethical Committee
for Protection of Animals and were conducted in accor-
dance with the Karolinska Institutet’s Guidelines for
the Care and Use of Laboratory Animals.

Treatments

On PND 50, MS15 and MS180 animals were randomly
assigned to 33-day dietary treatments where either
Li,SO, (17.5 mmol/kg chow for the first week, 25
mmol/kg chow during the rest of the experiment) or
vehicle had been admixed to the rat chow. The NH-
group received the vehicle diet. The lithium treated rats
had in addition free access to 0.9% NaCl solution. Num-
bers of animals in the study were: NH: vehicle (n = 7);
MS15: vehicle (n = 9), lithium (n = 11); MS180: vehicle
(n =9), lithium (n = 10).

Sample Processing

On PND 83, rats were decapitated and trunk blood col-
lected for serum analysis. The brains were quickly re-
moved and hippocampus, hypothalamus and striatum
were dissected on ice and immediately stored at —80°C.
Later, the brain tissues were homogenized, ultrasoni-
cated and twice extracted by boiling in 1 M acetic acid
and water, respectively. Following centrifugation, the
supernatants were lyophilized and reconstituted in
phosphate-buffer prior to radioimmunoassay analysis.
The concentrations of NPY-like immunoreactivity (LI)
were analyzed using Bolton-Hunter labeled 'I-NPY
(4000 Ci/mmol, Amersham) and NPY antiserum (a
generous gift from Dr. R. Ekman and Dr. M. Heilig).
This antibody shows no cross-reactivity with pancreatic
polypeptide or peptide YY. It cross-reacts 100% with
NPY,.35, 5% with NPY53, and 0.5% or less with shorter
C-terminal NPY fragments (Heilig and Ekman 1995).
CRH-LI was analyzed using '*I-CRH (2000 Ci/mmol,
Amersham) and CRH antiserum (Linton and Lowry
1986), a generous gift from Dr. P. Lowry. Samples were
analyzed for peptide-LI in triplicates and all samples
from one brain region were assayed in the same RIA
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run. The lower detection limit of both RIAs was 3.9
pmol/L and the intra-assay coefficients of variation
were 5% and 7%, respectively.

Serum concentrations of corticosterone were ana-
lyzed in duplicate using a commercially available kit
(Diagnostic Products Corporation, Los Angeles, USA).
Serum concentrations of lithium were determined by
atomic flame photometry.

Data Presentation and Statistical Analysis

NPY/CRH ratios were calculated for each animal as
concentration of NPY-LI divided by concentration of
CRH-LI. Differences in baseline levels of measured
variables among vehicle treated NH, MS15 and MS180
groups were evaluated by 1-way analysis of variance
(ANOVA). Overall group effects (MS15 vs. M5180) and
treatment effects (vehicle vs. lithium) on measured pa-
rameters were analyzed by 2-factor ANOVA. In case of
a significant interaction, this has been stated in the re-
sults section. When appropriate, Tukey’s test was used
for post hoc analysis. Values of p less than .05 were con-
sidered significant. All data are presented as mean * SD.

RESULTS

Serum Lithium

The lithium treated rats showed no overt symptoms of
toxicity; normal grooming and sleeping behavior was
observed. There was no significant difference in serum
concentrations of lithium between the MS15 and MS180
groups (Fy 17 = 1.92, p = .18), which were 0.48 + 0.10
and 0.40 * 0.07 mM, respectively.

Serum Corticosterone

No difference in baseline serum corticosterone levels
among vehicle treated NH, MS15, and MS180 groups
was observed (F,5) = 1.47, p = .26), Table 1. Two-way
ANOVA revealed no difference in corticosterone con-
centrations among MS15 rats and MS180 rats (F;;; =
0.02, p = .90). However, lithium treatment significantly
increased serum corticosterone (F; ;3 = 8.43, p < .01).

NPY-like Immunoreactivity

In the hippocampus, significant differences in baseline
NPY-LI levels between vehicle treated NH, MS15 and
MS180 animals were detected (F,,; = 31.8, p < .001),
Figure 1. Post hoc analysis showed that NPY-LI levels
were lower in both MS15 and MS180 compared with
NH animals (p < .001). Two-way ANOVA showed that
NPY-LI levels were lower in the MS180 group than the
MS15 group (F;3 = 31.5, p < .001) and that lithium
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Table 1. Effects of Maternal Deprivation and Dietary
Lithium Treatment on Serum Corticosterone.

NH MS15 MS180
Vehicle Vehicle Lithium Vehicle Lithium
378 78 273*+136 397 =121* 282+ 112 398 + 1292

Effects of maternal deprivation (PND2-14) and dietary lithium treat-
ment (PND50-83) on serum concentrations of corticosterone. Data are
presented as mean ng/ml * SD. There was no significant difference in
corticosterone levels among vehicle treated NH, MS15 and MS180 ani-
mals. Lithium significantly increased corticosterone concentrations (a P
< 0.01). For details on overall group and treatment effects, see the results
section.

treatment markedly increased NPY-LI (F; 3 = 81.9, p <
.001). There was a significant Group X Treatment inter-
action (F;3 = 6.0, p < .05) and post hoc analysis
showed that NPY-LI levels were reduced in vehicle
treated MS180 animals compared with vehicle treated
MS15 animals (p < .05) and that the effect of lithium on
NPY-LI was larger in the MS15 group (p < .0001) than
the MS180 group (p < .001).

In the striatum, in parallel to the hippocampus, sig-
nificant differences in baseline NPY-LI levels between
vehicle treated NH, MS15, and MS180 animals were de-
tected (F,» = 17.9, p < .001). Post hoc analysis showed
that NPY-LI levels were lower in both MS15 and MS180
compared with NH animals (p < .001). Two-way
ANOVA showed that NPY-LI was lower in the MS180
group compared with the MS15 group (F; 3 = 13.6, p <
.001) and that lithium treatment significantly increased
NPY-LI (F, 33 = 25.1, p < .001).

In the hypothalamus, baseline levels of NPY-LI were
different among vehicle treated NH, MS15, and M180
animals (F,,, = 6.35, p < .01). Post hoc analysis showed
that NPY-LI levels were significantly higher in MS180
(p < .01) but not MS15 (p = .19), compared with NH an-
imals. Levels of NPY-LI were higher in the MS180 com-
pared with the MS15 group (F,3, = 4.98, p < .05) and
that lithium treatment significantly increased NPY-LI
levels in this region (F; 3, = 7.21, p < .01).

CRH-like Immunoreactivity

In the hippocampus, no significant difference in base-
line CRH-LI among vehicle-treated NH, MS15, and
MS180 animals was found (F,,; = 1.177, p = .33) (Table
2). Two-way ANOVA showed a slight reduction of
CRH-LI in the MS180 group compared with the MS15
group (Fy 33 = 5.89, p <.05) and lithium treatment led to
a modest increase in CRH-LI (F; 53 = 4.69, p < .05. Inter-
estingly, there was a highly significant interaction be-
tween group and treatment (F; 33 = 20.9, p < .001). Post
hoc analysis showed that lithium treatment increased
CRH-LI levels in the MS15 group only (p < .001).
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Table 2. Effects of Maternal Deprivation and Dietary Lithium Treatment on Brain Regional Concentrations of CRH-LI.
NH MS15 MS180
Vehicle Vehicle Lithium Vehicle Lithium
Hippocampus 0.69 = 0.0 0.56 = 0.1 0.89 £ 0.1+ 0.66 = 0.2 0.55 = 0.1
Hypothalamus 5.38 £4.8 544 £24 485 34 11.7 =102 7.78 = 4.8

Effects of maternal deprivation (PND2-14) and dietary lithium treatment (PND 50-83) on CRH-LI concentrations in the hippocampus and the hy-
pothalamus. Data are presented as mean * SD pmol/g wet weight. In the hippocampus, lithium treatment significantly increased CRH-LI in the
MS15 (+ + + P < 0.001) but not the MS180. In the hypothalamus, CRH-LI levels were increased in the MS180 compared to the MS15 group (a P <
0.05). For details on overall group and treatment effects, see the results section.

In the hypothalamus, no significant difference in
baseline CRH-LI levels between vehicle treated NH,
MS15, and MS180 animals was found (F,,, = 2.20, p =
.14). However, 2-way ANOVA showed that CRH-LI
levels were increased in the MS180 group compared
with the MS15 group (F;3; = 4.79, p < .05). Lithium
treatment did not significantly affect CRH-LI levels in
this region (F, 33 = 1.14, p = .29).

Striatal concentrations of CRH-LI were at the limit of
detection and could not be reliably quantified.

NPY-LI/CRH-LI Ratios in the Hippocampus

One-way ANOVA showed a significant difference in
the NPY/CRH ratio among vehicle treated NH, MS15,
and MS180 animals (F, ;9 = 8.34, p < .01), Figure 2. Post
hoc analysis showed that the NPY/CRH ratio was
lower in MS180 (p < .01) and MS15 though not quite
reaching the level of statistical significance (p = .08)
compared with NH animals. Two-way ANOVA re-
vealed no overall difference in the NPY/CRH ratio be-
tween MS15 and MS180 rats (F; 30 = 1.01, p = .33). Lith-
ium significantly increased the NPY/CRH ratio (F, 3, =
13.1, p = .001). There was a significant Treatment X
Group interaction (F; 3 = 7.29, p = .01). Interestingly,
post hoc analysis showed that the NPY-LI/CRH-LI ra-
tio was significantly reduced in the vehicle treated
MS180 group compared with the vehicle treated MS15
group (p < .05) and that lithium increased the NPY/
CRH ratio in the MS180 (p < .001) but not the MS15

group (p = .5).

DISCUSSION

This study shows that repeated episodes of maternal
deprivation, a model of depression/vulnerability to
stress, markedly reduce concentrations of NPY-LI in the
hippocampus and the striatum of adult rats. Lithium
treatment “normalized” NPY-LI levels in these two re-
gions. In addition, the computed ratio of hippocampal
NPY/CRH was significantly reduced in the MS180 ani-
mals. This measure was also “normalized” by lithium

treatment. In the hypothalamus, NPY-LI and CRH-LI
levels were increased in MS180 animals. Lithium fur-
ther increased the NPY-LI level in this region. These
changes coincided with findings of increased serum
corticosterone following lithium.

We have previously found that Fawn-Hooded and
FSL rats, both characterized as genetic models of de-
pression that exhibit higher degrees of immobility in
the forced swim test (Overstreet et al. 2001), have re-
duced levels of NPY in the hippocampus (Husum et al.
2001a; Jiménez Vasquez et al. 2000; Mathé et al. 1998).
In this context it is interesting that centrally adminis-
tered NPY reduces immobility in the rat, indicative of
an antidepressant-like property of NPY (Husum et al.
2000; Stogner and Holmes 2000). In conjunction with
clinical findings of reduced plasma or CSF levels of
NPY in depressed patients, these results indicate that a
dysregulated NPY system may play a role in the patho-
physiology of depression (Mathé et al. 1996; Westrin et
al. 1999; Widerlov et al. 1986).

Recently, NPY was shown to promote proliferation
of neuronal precursor cells in the rat olfactory system
(Hansel et al. 2001). Whether NPY has similar action in
the hippocampus, one of the few other regions with re-
generating neuronal populations in the adult mamma-
lian nervous system (Gage 2000), is presently not
known. However, in view of the clinical evidence of re-
duced hippocampal volume in patients with repeated
episodes of major depression and stress-induced de-
generation of this region in rats, reversible by lithium,
antidepressants, and ECS, all of which stimulate hip-
pocampal NPY neurotransmission, this is a plausible
assumption (Gould et al. 1992; Husum et al. 2000; Ja-
cobs et al. 2000; Jiménez Vasquez et al. 2000; Mathé et
al. 1997; Sheline et al. 1996; Stenfors et al. 1989; Wid-
dowson and Halaris 1989; Zachrisson et al. 1995a,b). In-
deed, an antistress action of hippocampal NPY has
been postulated on the basis of experiments showing
that rats overexpressing NPY in the hippocampus dis-
play a behavioral insensitivity to stress and fear
(Thorsell et al. 2000). Lowering hippocampal NPY lev-
els may therefore render maternally deprived rats more
sensitive to stress and anxiety. In this context, it is of in-
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Figure 1. Effects of maternal deprivation (PND 2-14) and
dietary lithium treatment (PND 50-83) on NPY-LI concen-
trations in rat hippocampus, striatum and hypothalamus. In
the striatum and the hippocampus, NPY-LI levels were
markedly decreased in both the MS15 and MS180 compared
with the NH animals (™ p < .001). In the hippocampus,
NPY-LI was reduced in vehicle-treated MS180 animals com-
pared with vehicle treated MS15 animals (* p < .05). Lith-
ium increased NPY-LI more in the MS15 (*** p < .0001)
than in the MS180 group (** p < .001) in this region. In the
hypothalamus, NPY-LI levels were increased in the vehicle
treated MS180 compared with NH animals (" p < .01). For
details on overall group and treatment effects, see the
Results section.

terest that reduced hippocampal NPY levels were asso-
ciated with increased ethanol consumption in rats and
mice and the authors suggested that the enhanced etha-
nol consumption might constitute a compensatory anti-
anxiety effect (Ehlers et al. 1998; Thiele et al. 1998). Indeed,
maternally deprived rats display a larger stress-induced
increase in corticosterone and ACTH release and exag-
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Figure 2. Effects of maternal deprivation (PND 2-14) and
dietary lithium treatment (PND 50-83) on the NPY-LI/
CRH-LI ratio in the hippocampus. The ratio was lower in
the MS180 animals compared with both the NH (" p < .01)
and the MS15 group (* p < .05). Lithium normalised this
ratio in the MS180 group (*# p < .001) but had no effect in
the MS15 group. For details on overall group and treatment
effects, see the Results section.

gerated anxiety behavior and alcohol preference com-
pared with controls (Ladd et al. 1996; Plotsky et al.
1995; Plotsky and Meaney 1993).

In previous experiments, in FSL and Fawn Hooded
rats, genetic models of depression that have a reduced
dopamine turnover in the striatum, no changes in NPY-
LI were observed in the striatum (Husum et al. 2001;
Jiménez Vasquez et al. 2000; Mathé et al. 1998; Zangen
et al. 1999). However, in maternally deprived rats, both
increased levels of dopamine in the striatum and in-
creased levels of tyrosine hydroxylase mRNA levels in
the substantia nigra have been reported, indicating that
dopaminergic neurotransmission may be enhanced in
this region (Matthews et al. 2001; Rots et al. 1996). In the
present study, maternal deprivation reduced striatal
concentrations of NPY. Since marked interactions be-
tween dopamine agonists/antagonists and NPY have
been observed in striatum, it is conceivable that the de-
crease in striatal NPY in maternally deprived animals
may lead to or, alternatively, is a consequence of an en-
hanced dopaminergic activity in this region (Gruber
and Mathé 2000; Lindefors et al. 1990; Maeda et al. 1993;
Tatsuoka et al. 1987).

We also investigated the effect of lithium on brain
NPY-LI levels. The lithium treatment used yielded se-
rum lithium levels that were at the lower therapeutic
range of lithium concentrations (Lenox and Manji
1998). Lithium increased levels of NPY-LI in the hip-
pocampus and striatum of both MS15 and MS180 rats
to levels that were similar to those in the NH group.
Lithium, an effective agent in the prophylaxis of affec-
tive disorders (Baastrup et al. 1970), was previously
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found to increase levels of preproNPY mRNA and
NPY-LI in rat hippocampus, striatum and cortical areas
indicating that stimulation of NPY gene transcription
may indeed be one therapeutical mechanism of action
of lithium (Husum et al. 2000, 2001; Mathé et al. 1994;
Zachrisson et al. 1995b).

CRH and NPY systems interact in the brain and
when CRH or NPY are administered centrally to the
rat, opposing actions on feeding, anxiety and sleep have
been reported (Ehlers et al. 1997; Heilig et al. 1994; Hei-
nrichs et al. 1993). Thus, an imbalance in these neu-
ropeptide systems may be consistent with a dysregula-
tion of affect and sleep, which are classical symptoms of
major depression. This notion is supported by findings
of elevated CRH and reduced levels of NPY in CSF
from depressed patients (Mathé et al. 1996; Westrin et
al. 1999; Widerlov et al. 1986). In line with such find-
ings, in the present study the ratio of NPY/CRH in the
hippocampus was markedly reduced in the MS180 ani-
mals. Moreover, following lithium, this measure was
normalized in the MS180 group, while unchanged in
the MS15 group indicating that lithium restores the nor-
mal ratio of these two peptides in this region.

CRH and NPY are present in high concentrations in
the hypothalamus where they interact and mediate
neuroendocrine and autonomic functions. Adult mater-
nally deprived rats display an increased neuroendo-
crine stress response, as shown previously (Liu et al.
1997; Meaney et al. 1989; Plotsky and Meaney 1993).
Consequently, we measured hypothalamic CRH-LI and
NPY-LI. CRH-LI was significantly increased in the
MS180 animals, in agreement with previous findings of
increased CRH mRNA in the PVN, increased CRH-LI
in the median eminence and plasma from the hypotha-
lamic-hypophysial portal vessel, and reduced CRH
binding sites in the pituitary gland of maternally de-
prived rats, all indicative of hypothalamic CRH hyper-
secretion (Arborelius et al. 1999; Ladd et al. 1996;
Plotsky and Meaney 1993). The CRH increase was par-
alleled by an NPY-LI increase in the hypothalamus of
MS180 animals. Electron microscopy has revealed syn-
apses between NPY-containing neurons and dendrites
and cell bodies of CRH neurons in the PVN and several
studies have shown that NPY stimulates the synthesis
and release of CRH in the hypothalamus (Haas and
George 1987; Liposits et al. 1988; Suda et al. 1993; Tsagar-
akis et al. 1989; Wahlestedt et al. 1987). Thus, the elevated
levels of CRH-LI in the MS180 animals may be second-
ary to an increased hypothalamic level of NPY-LL

No difference in baseline serum corticosterone levels
was observed between NH, MS15, and MS180 rats, in
agreement with previous findings (Plotsky and Meaney
1993). Interestingly, serum corticosterone was signifi-
cantly elevated by lithium. Although this finding may
seem to be counterintuitive, it is in agreement with pre-
vious studies in rodents (Ghosh et al. 1990; Meador-
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Woodruff and Greden 1988). Following lithium treat-
ment, CRH-LI tended to decrease in the hypothalamus
of the MS180 group while the effect of maternal depri-
vation on NPY-LI was potentiated, that is NPY-LI was
further increased. These findings parallel those of an-
other study where NPY mRNA levels in the arcuate nu-
cleus of the hypothalamus were increased by stress and
potentiated by desipramine treatment, which had no ef-
fect in control rats (Makino et al. 2000). The mechanism
underlying these changes is a matter of speculation.
However, since CRH exerts an inhibitory control on
NPY neurons in the PVN and there is a negative feed-
back glucocorticoid-CRH loop (Plotsky and Sawchenko
1987), a possible explanation is that the lithium-induced
corticosterone increase will inhibit CRH, in turn leading
to decreased inhibition of the NPY system. In this con-
text it is noteworthy that dexamethasone, a selective
glucocorticoid type II receptor agonist, increases pre-
proNPY mRNA and NPY-LI in specific hypothalamic
regions, including the arcuate nucleus and the PVN
(Corder et al. 1988; Larsen et al. 1994; McKibbin et al.
1992). Consequently, the stimulatory effect of lithium
on hypothalamic NPY levels may also at least in part be
mediated by corticosterone.

In conclusion, the present study demonstrates that
early life stress leads to long-term changes in NPY-LI in
the hippocampus, striatum, and hypothalamus, areas of
major importance for affect, psychosis, and neuroendo-
crinology. Lithium treatment counteracted these effects
in the hippocampus and striatum by increasing NPY-LI
to levels similar to those found in the control animals.
The present results are consistent with our previous
findings of altered NPY-LI in brains from rat genetic
models of depression and that lithium and antidepres-
sant treatments, including ECS, selectively increase
brain NPY-LI in a distinct time course and regional
fashion. Considering the potential significance of the
present findings we have performed baseline studies
with two collaborator groups in two different countries.
Although using different sources and strains of rats as
well as different maternal separation procedures, simi-
lar effects on brain NPY-LI were found (Husum et al.
2001b; Jiménez Vasquez et al. 2001). Cumulatively,
these findings suggest that early life stress has long-
term effects on brain NPY and that this effect may be in-
volved in the development of depression and vulnera-
bility to stress, and that one of lithium’s therapeutic
mechanisms of action is to increase brain NPY.

ACKNOWLEDGMENTS

The technical assistance of Anastasia Markou and Flora Ghor-
baninasab is greatly appreciated. We are grateful to Dr. Ove
Wiborg, Psykiatrisk Hospital, Risskov-Arhus, Denmark for
measuring serum lithium levels. This study was supported by



762 H. Husum and A.A. Mathé

the Swedish Medical Research Council, grant 10414, the
NAMI Research Institute-Stanley Foundation Bipolar Net-
work, Ivan Nielsens Fond and the Karolinska Institutet.

REFERENCES

Agid O, Shapira B, Zislin J, Ritsner M, Hanin B, Murad H,
Troudart T, Bloch M, Heresco-Levy U, Lerer B (1999):
Environment and vulnerability to major psychiatric ill-
ness: a case control study of early parental loss in major
depression, bipolar disorder and schizophrenia. Mol
Psychiatry 4:163-172

Albers HE, Ottenweller JE, Liou SY, Lumpkin MD, Ander-
son ER (1990): Neuropeptide Y in the hypothalamus:
effect on corticosterone and single-unit activity. Am J
Physiol 258:R376-R382

Arborelius L, Owens MJ, Plotsky PM, Nemeroff CB (1999):
The role of corticotropin-releasing factor in depression
and anxiety disorders. ] Endocrinol 160:1-12

Baastrup PC, Poulsen JC, Schou M, Thomsen K, Amdisen A
(1970): Prophylactic lithium: double blind discontinua-
tion in manic- depressive and recurrent-depressive dis-
orders. Lancet 2:326-330

Corder R, Pralong FP, Turnill D, Saudan P, Mullar AF, Gail-
lard RC (1988): Dexamethasone treatment increases
neuropeptide Y mRNA levels in the hypothalamic neu-
rones. Life Sci 43:1879-1886

Ehlers CL, Li TK, Lumeng L, Hwang BH, Somes C, Jiménez
PA, Mathé AA (1998): Neuropeptide Y levels in etha-
nol-naive alcohol-preferring and nonpreferring rats and
in Wistar rats after ethanol exposure. Alcohol Clin Exp
Res 22:1778-1782

Ehlers CL, Somes C, Seifritz E, Rivier JE (1997): CRF/NPY
interactions: a potential role in sleep dysregulation in
depression and anxiety. Depress Anxiety 6:1-9

Gage FH (2000): Mammalian neural stem cells. Science
287:1433-1438

Ghosh D, Biswas NM, Ghosh PK (1990): Effect of lithium
chloride on adrenocortical activity in male rats: evi-
dence of dose and duration dependent response. Indian
J Physiol Pharmacol 34:263-266

Gjerris A, Widerlév E, Werdelin L, Ekman R (1992): Cere-
brospinal fluid concentrations of neuropeptide Y in
depressed patients and in controls. ] Psychiatry Neuro-
sci 17:23-27

Gould E, Cameron HA, Daniels DC, Wooley CS, McEwen BS
(1992): Adrenal hormones suppress cell division in the
adult rat dentate gyrus. ] Neurosci 12:3642-3650

Gruber SH, Mathé AA (2000): Effects of typical and atypical
antipsychotics on neuropeptide Y in rat brain tissue and
microdialysates from ventral striatum. J Neurosci Res
61:458-463

Haas DA, George SR (1987): Neuropeptide Y administration
acutely increases hypothalamic corticotropin-releasing
factor immunoreactivity: lack of effect in other rat brain
regions. Life Sci 41:2725-2731

Hansel DE, Eipper BA, Ronnett GV (2001): Neuropeptide Y
functions as a neuroproliferative factor. Nature
410:940-944

NEUROPSYCHOPHARMACOLOGY 2002—VOL. 27, NO. 5

Heilig M, Ekman R (1995): Chronic parenteral antidepres-
sant treatment in rats: unaltered levels and processing
of neuropeptide Y (NPY) and corticotropin- releasing
hormone (CRH). Neurochem Int 26:351-355

Heilig M, Koob G, Ekman R, Britton KT (1994): Corticotro-
pin-releasing factor and neuropeptide Y: role in emo-
tional integration. Trends Neurosci 17:80-85

Heinrichs SC, Menzaghi F, Pich EM, Koob GF (1993): Corti-
cotropin-releasing factor in paraventricular nucleus
modulates feeding induced by neuropeptide Y. Brain
Res 611:18-24

Holmes PV, Davis RC, Masini CV, Primeaux SD (1998):
Effects of olfactory bulbectomy on neuropeptide gene
expression in the rat olfactory/limbic system. Neuro-
science 86:587-596

Holsboer F (2000): The corticosteroid receptor hypothesis of
depression. Neuropsychopharmacology 23:477-501

Husum H, Jiménez Vasquez PA, Mathé AA (2001): Changed
concentrations of tachykinins and neuropeptide Y in
brain of a rat model of depression. Lithium treatment
normalizes tachykinins. Neuropsychopharmacology
24:183-191

Husum H, Termeer E, Mathé AA, Boludi GTG, Ellenbroek BA
(2002): Early maternal deprivation alters hippocampal
levels of neuropeptide Y and calcitonin-gene related pep-
tide in adult rats. Neuropharmacology 42:798-806

Husum H, Mikkelsen JD, Hogg S, Mathé AA, Merk A
(2000): Involvement of hippocampal neuropeptide Y in
mediating the chronic actions of lithium, electroconvul-
sive stimulation and citalopram. Neuropharmacology
39:1463-1473

Jacobs BL, Praag H, Gage FH (2000): Adult brain neurogene-
sis and psychiatry: a novel theory of depression. Mol
Psychiatry 5:262-269

Jiménez Vasquez PA, Mathé AA, Thomas JD, Riley EP,
Ehlers CL (2001): Early maternal separation alters neu-
ropeptide Y concentrations in selected brain regions in
adult rats. Brain Res Dev Brain Res 131:149-152

Jiménez Vasquez PA, Overstreet DH, Mathé AA (2000):
Neuropeptide Y in male and female brains of flinders
sensitive line, a rat model of depression. Effects of elec-
troconvulsive stimuli. ] Psychiatr Res 34:405-412

Kalin NH, Carnes M (1984): Biological correlates of attach-
ment bound disruption in humans and nonhuman pri-
mates. Prog Neuropsychopharmacol Biol Psychiatry
8:459-469

Kendler KS, Neale MC, Kessler RC, Heath AC, Eaves L]
(1992): Childhood parental loss and adult psychopa-
thology in women. A twin study perspective. Arch Gen
Psychiatry 49:109-116

Ladd CO, Owens M]J, Nemeroff CB (1996): Persistent
changes in corticotropin-releasing factor neuronal sys-
tems induced by maternal deprivation. Endocrinology
137:1212-1218

Larsen PJ, Jessop DS, Chowdrey HS, Lightman SL,
Mikkelsen JD (1994): Chronic administration of gluco-
corticoids directly upregulates preproNeuropeptide Y
and Y1 receptor mRNA levels in the arcuate nucleus of
the rat. ] Neuroendocrinol 6:153-159

Leibowitz SF, Sladek C, Spencer L, Tennant C (1988): Neu-
ropeptide Y, epinephrine and norepinephrine in the



NEUROPSYCHOPHARMACOLOGY 2002—VOL. 27, NO. 5

paracentricular nucleus: stimulation of feeding, and the
release of corticosterone, vasopressin and glucose. Brain
Res Bull 21:905-912

Lenox RH, Manji HK (1998): Lithium. In Schatzberg AF,
Nemeroff CB (eds), Textbook of Psychopharmacology.
Washington, DC, American Psychiatric Press, Inc., pp
379-429

Lindefors N, Brené S, Herrara-Marschitz M, Persson H
(1990): Neuropeptide gene expression in brain is differ-
entially regulated by midbrain dopamine neurons. Exp
Brain Res 80:489-500

Linton EA, Lowry PJ (1986): Comparison of a specific two-
site immunoradiometric assay with radioimmunoassay
for rat/human CRF-41. Regul Pept 14:69-84

Liposits Z, Sievers L, Paull WK (1988): Neuropeptide-Y and
ACTH-immunoreactive innervation of corticotropin
releasing factor (CRF)-synthesizing neurons in the
hypothalamus of the rat. An immunocytochemical anal-
ysis at the light and electron microscopic levels. His-
tochemistry 88:227-234

Liu D, Diorio J, Tannenbaum B, Caldji C, Francis DD, Freed-
man A, Sharma S, Pearson D, Plotsky PM, Meaney M]
(1997): Maternal care, hippocampal glucocorticoid
receptors and hypothalamic-pituitary-adrenal
responses to stress. Science 277:1659-1662

Maeda K, Kawata E, Sakai T, Chihara K (1993): Effects of
putative cognitive function-enhancing drugs and
dopaminergic agents on somatostatin and neuropeptide
Y in rat brain. Eur ] Pharmacol 233:227-235

Makino S, Baker RA, Smith MA, Gold PW (2000): Differen-
tial regulation of neuropeptide Y mRNA expression in
the arcuate nucleus and locus coeruleus by stress and
antidepressants. ] Neuroendocrinol 12:387-395

Mathé AA (1999): Neuropeptides and electroconvulsive
treatment. ] ECT 15:60-75

Mathé AA, Gruber S, Jiménez PA, Theodorsson E, Stenfors
C (1997): Effects of electroconvulsive stimuli and MK-
801 on neuropeptide Y, neurokinin A, and calcitonin
gene-related peptide in rat brain. Neurochem Res
22:629-636

Mathé AA, Jiménez PA, Theodorsson E, Stenfors C (1998):
Neuropeptide Y, Neurokinin A and neurotensin in
brain regions of Fawn Hooded “depressed”, Wistar and
Sprague Dawley rats. Effects of electroconvulsive stim-
uli. Prog Neuropsychopharmacol Biol Psychiatry 22
:529-546

Mathé AA, Rudorfer MV, Stenfors C, Manji HK, Potter WZ,
Theodorsson E (1996): Effects of electroconvulsive treat-
ment on somatostatin, neuropeptide Y, endothelin, and
neurokinin A concentrations in cerebrospinal fluid of
depressed patients: A pilot study. Depression 3:250-256

Mathé AA, Wikner BN, Stenfors C, Theodorsson E (1994):
Effects of lithium on neuropeptide Y, neurokinin A and
substance P in brain and peripheral tissues of rat. Lith-
ium 5:241-247

Matthews K, Dalley JW, Matthews C, Tsai TH, Robbins T
(2001): Periodic maternal separation of neonatal rats
produces region and gender-specific effects on biogenic
amine content in postmortem adult brain. Synapse
40:1-10

McCauley ], Kern DE, Kolodner K, Dill L, Schroeder AF,

Maternal Deprivation Reduces Rat Brain NPY 763

DeChant HK, Ryden ], Derogatis LR, Bass EB (1997):
Clinical characteristics of women with a history of child-
hood abuse: unhealed wounds. JAMA 277:1362-1368

McKibbin PE, Cotton SJ, McCarthy HD, Williams G (1992):
The effect of dexamethasone on neuropeptide Y concen-
trations in specific hypothalamic regions. Life Sci
51:1301-1307

Meador-Woodruff JH, Greden JF (1988): Effects of psycho-
tropic medications on hypothalamic-pituitary-adrenal
regulation. Neurol Clin 6:225-234

Meaney M]J, Aitken DH, Viau V, Sharma S, Sarrieau A
(1989): Neonatal handling alters adrenocortical negative
feedback sensitivity and hippocampal type II glucocor-
ticoid receptor binding in the rat. Neuroendocrinology
50:597-604

Overstreet DH, Rezvani AH, Janowsky DS (2001): Genetic
animal models of depression and ethanol preference
provide support for cholinergic and serotonergic
involvement in depression and alcoholism. Biol Psychi-
atry 31:919-936

Plotsky PM, Meaney MJ (1993): Early, postnatal experience
alters hypothalamic corticotropin-releasing factor (CRF)
mRNA, median eminence CRF content and stress-
induced release in adult rats. Brain Res Mol Brain Res
18:195-200

Plotsky PM, Sawchenko PE (1987): Hypophysial-portal
plasma levels, median eminence content, and IHC
staining of CRF, AVP and OXT after pharmacological
adrenalectomy. Endocrinology 120:1361-1369

Plotsky PM, Su Y, Keng C, Thrivikraman KV (1995): Neona-
tal separation alters HPA axis function, central CRF
mRNA levels, behavior and alcohol preference in adult
rats. SFN abstracts 21:500

Rots NY, de Jong J, Workel JO, Levine S, Cools AR, De Kloet
ER (1996): Neonatal maternally deprived rats have as
adults elevated basal pituitary-adrenal activity and
enhanced susceptibility to apomorphine. ] Neuroendo-
crinol 8:501-506

Sheline YI, Wang PW, Gado MH, Csernansky ]G, Vannier
MW (1996): Hippocampal atrophy in recurrent major
depression. Proc Natl Acad Sci USA 93:3908-3913

Stenfors C, Theodorsson E, Mathé AA (1989): Effect of
repeated electroconvulsive treatment on regional con-
centrations of tachykinins, neurotensin, vasoactive
intestinal polypeptide, neuropeptide Y, and galanin in
rat brain. ] Neurosci Res 24:445-450

Stogner KA, Holmes PV (2000): Neuropeptide-Y exerts anti-
depressant-like effects in the forced swim test in rats.
Eur ] Pharmacol 387:R9-10

Suda T, Tozawa F, Iwai I, Sato Y, Sumitomo T, Nakano Y,
Yamada M, Demura H (1993): Neuropeptide Y
increases the corticotropin-releasing factor messenger
ribonucleic acid level in the rat hypothalamus. Brain
Res Mol Brain Res 18:311-315

Tatemoto K, Carlquist M, Mutt V (1982): Neuropeptide Y - a
novel brain peptide with structural similiarities to pep-
tide YY and pancreatic polypeptide. Nature 296:659-660

Tatsuoka Y, Riskind PN, Beal MF, Martin JB (1987): The
effect of amphetamine on the in vivo release of dopam-
ine, somatostatin and neuropeptide Y from rat caudate
nucleus. Brain Res 411:200-203



764 H.Husum and A.A. Mathé

Tennant C, Hurry J, Bebbington P (1982): The relation of
childhood separation experiences to adult depressive
and anxiety states. Br ] Psychiatry 141:475-482

Thiele TE, Marsh D], Ste Marie L, Bernstein IL, Palmiter RD
(1998): Ethanol consumption and resistance are
inversely related to neuropeptide Y levels. Nature
396:366-369

Thorsell A, Michalkiewicz M, Dumont Y, Quirion R, Caber-
lotto L, Rimondini R, Mathé AA, Heilig M (2000): Behav-
ioral insensitivity to restraint stress, absent fear suppres-
sion of behavior and impaired spatial learning in
transgenic rats with hippocampal neuropeptide Y over-
expression. Proc Natl Acad Sci USA 97:12852-12857

Tsagarakis S, Rees LH, Besser GM, Grossman A (1989): Neu-
ropeptide Y stimulates CRF-41 release from rat hypo-
thalami in vitro. Brain Res 502:167-170

Vale W, Spiess J, Rivier C, Rivier ] (1981): Characterization of
a 4l-residue ovine hypothalamic peptide that stimu-
lates secretion of corticotropin and beta-endorphin. Sci-
ence 213:1394-1397

Wahlestedt C, Skagerberg G, Ekman R, Heilig M, Sundler F,
Hékanson R (1987): Neuropeptide Y (NPY) in the area
of the hypothalamic paraventricular nucleus activates
the pituitary-adrenocortical axis in the rat. Brain Res
417:33-38

NEUROPSYCHOPHARMACOLOGY 2002—VOL. 27, NO. 5

Westrin A, Ekman R, Traskman-Bendz L (1999): Alterations
of corticotropin releasing hormone (CRH) and neu-
ropeptide Y (NPY) plasma levels in mood disorder
patients with a recent suicide attempt. Eur Neuropsy-
chopharmacol 9:205-211

Widdowson PS, Halaris AE (1989): Increased levels of neu-
ropeptide Y-Immunoreactivity in rat brain limbic struc-
tures following antidepressant treatment. ] Neurochem
52:577

Widerlov E, Wahlestedt C, Hakanson R, Ekman R (1986):
Altered brain neuropeptide function in psychiatric ill-
nesses -with special emphasis on NPY and CRF in
major depression. Clin Neuropharmacol 9:572-574

Zachrisson O, Mathé AA, Stenfors C, Lindefors N (1995a):
Limbic effects of repeated electroconvulsive stimulation
on neuropeptide Y and somatostatin mRNA expression
in the rat brain. Brain Res Mol Brain Res 31:71-85

Zachrisson O, Mathé AA, Stenfors C, Lindefors N (1995b):
Region-specific effects of chronic lithium administra-
tion on neuropeptide Y and somatostatin mRNA
expression in the rat brain. Neurosci Lett 194:89-92

Zangen A, Overstreet DH, Yadid G (1999): Increased cate-
cholamine levels in specific brain regions of a rat model
of depression: Normalization by chronic antidepressant
treatment. Brain Res 824:243-250



