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Abstract

Exposure to infections in early life is considered a risk-factor for developing schizophrenia.
Recently we reported that a neonatal CNS infection with influenza A virus in mice resulted in a
transient induction of the brain kynurenine pathway, and subsequent behavioral disturbances in
immune-deficient adult mice. The aim of the present study was to investigate a potential role in
this regard of kynurenic acid (KYNA), an endogenous antagonist at the glycine site of the N-
methyl-D-aspartic acid (NMDA) receptor and at the cholinergic α7 nicotinic receptor. C57BL/6
mice were injected i.p. with neurotropic influenza A/WSN/33 virus (2400 plaque-forming units) at
postnatal day (P) 3 or with L-kynurenine (2×200 mg/kg/day) at P7-16. In mice neonatally treated
with L-kynurenine prepulse inhibition of the acoustic startle, anxiety, and learning and memory
were also assessed. Neonatally infected mice showed enhanced sensitivity to d-amphetamine-
induced (5 mg/kg i.p.) increase in locomotor activity as adults. Neonatally L-kynurenine treated
mice showed enhanced sensitivity to d-amphetamine-induced (5 mg/kg i.p.) increase in locomotor
activity as well as mild impairments in prepulse inhibition and memory. Also, d-amphetamine
tended to potentiate dopamine release in the striatum in kynurenine-treated mice. These long-
lasting behavioral and neurochemical alterations suggest that the kynurenine pathway can link
early-life infection with the development of neuropsychiatric disturbances in adulthood.
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1. Introduction

Schizophrenia is a mental disorder, usually emerging in adolescence or early adulthood
(Andreasen, 1995) and is characterized by a large diversity of positive and negative
symptoms as well as cognitive deficits. Aberrations in brain dopamine (DA)
neurotransmission as part of the pathophysiology has for long been the predominant
biological hypothesis of schizophrenia (Carlsson and Lindqvist, 1963; Carlsson and
Carlsson, 2006). The DA hypothesis arises from the finding of amelioration in positive
symptoms following blockade of DA D2-receptors, as well as from observations of
psychosis following frequent abuse of the indirect DA agonist damphetamine (Angrist and
Gershon, 1970; Cruickshank and Dyer, 2009; Griffith et al., 1972). Further supporting the
DA hypothesis, brain imaging studies reveal an enhanced DA release following
administration of d-amphetamine in patients with schizophrenia (Abi-Dargham et al., 1998;
Breier et al., 1997; Laruelle et al., 1996). Research during the last decade however, proposes
that DA only plays an intermediary role in the pathophysiology and that deficits in brain
glutamatergic systems are of major importance for the disease (Carlsson et al., 2001; Javitt,
2004; Jentsch and Roth, 1999). For example, administration of N-methyl-D-aspartic acid
(NMDA) receptor antagonists (e.g. phencyclidine and ketamine) evokes behavior similar to
schizophrenia symptoms in healthy individuals, and exacerbates symptoms in patients with
schizophrenia (Adler et al., 1999; Javitt and Zukin, 1991; Luby et al., 1959). Providing
strong support for a dysfunction of glutamatergic transmission in schizophrenia, the
concentration of kynurenic acid (KYNA) is elevated in the cerebrospinal fluid (CSF) and in
post mortem brain of patients with schizophrenia (Erhardt et al., 2001a; Linderholm et al.,
2012; Nilsson et al., 2005; Sathyasaikumar et al., 2011; Schwarcz et al., 2001). KYNA is a
tryptophan metabolite, synthesized in astrocytes via the kynurenine pathway. At nanomolar
concentrations, KYNA antagonizes the glycine-site of the NMDA receptor as well as the
cholinergic α7 nicotinic receptor (α7nAChR; Schwarzc et al., 2012,). At higher, micromolar
concentrations, KYNA blocks the glutamate recognition-site of the NMDA receptor
(Kessler et al., 1989). Notably, endogenous concentrations of KYNA tonically control DA
transmission in the rat brain (Erhardt et al., 2009; Linderholm et al., 2007; Amori et al.,
2009b; Schwieler et al., 2008), findings functionally linking the DA hypothesis to the
glutamate deficiency theory of schizophrenia.

Synthesis of KYNA is induced following immune activation (Dantzer et al., 2008). Indeed,
CSF KYNA is elevated in various infectious diseases (Heyes et al., 1992), such as those
caused by human immunodeficiency virus-1 or tick-borne encephalitis (Atlas et al., 2007;
Holtze et al., 2012) or during influenza A virus infections of neuron or glial cultures in vitro
(Holtze et al., 2008). Indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase
(TDO), the initial and rate-limiting enzymes in the production of KYNA, are induced by
interferon-γ or other pro-inflammatory cytokines (Schwarcz et al., 2012) and are important
in controlling microbial growth as well as the host immune response (King and Thomas,
2007). Moreover, activation of the pro-inflammatory cytokine interleukin (IL)-1β in CSF
from first-episode patients with schizophrenia was recently reported, strongly indicating
immune dysregulation in the disease (Soderlund et al., 2009). Interestingly, exposure to
infections, including influenza A virus, during early-life appear to increase the risk for the
future development of schizophrenia and related psychotic disorders (Blomström et al.,
2012; Brown and Derkits, 2010; Dalman et al., 2008; Ellman et al., 2009; Yolken and
Torrey, 2008). While a causal link between early-life exposure to infections and the later
development of psychoses is still missing, several animal studies have demonstrated deficits
in prepulse inhibition (PPI), a cross-species measure of sensorimotor gating which is
impaired in patients with schizophrenia (Braff et al., 2001), in adult animals following either
prenatal or early-life exposure to immunostimulatory agents (Crnic and Pizer, 1988; Engel et
al., 2000; Gold et al., 1994; Meyer and Feldon, 2010; Tohmi et al., 2004). We recently

Liu et al. Page 2

Brain Behav Immun. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



reported that a neonatal infection with neurotropic influenza A/WSN/33 virus transiently
increases brain KYNA concentrations in wild type mice as well as in immunodeficient mice
with a targeted disruption of the gene-encoding transporter associated with antigen
processing 1 (Tap1−/−), leading to a lack of MHC class I expression and functional CD8+ T
cells (Asp et al., 2010; Holtze et al., 2008). The neonatal infection was associated with
deficits in PPI and working memory as well as with increased rearing and anxiety in adult
immunodeficient mice, but not in adult wild type mice (Asp et al., 2009; Asp et al., 2010). A
recent study from our laboratory also shows that mice with subchronically elevated levels of
KYNA in adulthood have normal spontaneous locomotor activity but a potentiated
locomotor response to d-amphetamine (Olsson et al., 2012a). Since our previous studies
showed that wild type mice neonatally infected with influenza A virus do not show aberrant
behavior under baseline conditions, in the present study we investigated the locomotor
response to challenge with d-amphetamine. A second aim of the present study was to
investigate whether neonatally elevated brain KYNA is associated with the disturbed
behavior in adulthood seen after infection in early life.

2. Materials and methods

2.1. Animals

C57BL/6 mice were used for all experiments. Pregnant mice were obtained from Scanbur
AB, Sweden and kept in a single cage until delivery. All pups (males and females) stayed
with their mothers until weaning (5–8 mice per cage). After weaning at the age of four
weeks, all mice were group-housed in standard transparent cages (2–5 mice per cage, as
determined by the number of male mice in each litter) because isolation rearing (i.e. housing
mice one per cage) can affect amount of PPI and locomotor response to amphetamine. All
mice were handled according to institutional guidelines and environmental conditions and
checked daily. The animals were maintained under standard laboratory conditions with free
access to food and tap water in a light-controlled room (12 h light/dark cycle, light on at
6.00 a.m.), under constant temperature (22°C) and humidity (40–60%). To check for
confounding factors regarding differences in litter size we plotted individual test responses
with regard to PPI. The responses were found to be almost similar in all mice with no
deviation with regard to litter sizes. Two separate sets of pups were neonatally treated with
L-kynurenine or saline. In the first set, only male mice were used and locomotor activity and
PPI assessed. In the second set, both male and female mice were neonatally treated with L-
kynurenine or saline and assessed in the light dark box and the elevated plus maze.
Thereafter female mice were assessed for trace fear conditioning and male mice were
assessed biochemically utilizing in vivo microdialysis. In total, 79 male and 35 female mice
were used in these experiments, including a smaller batch of mice used for verification of
brain KYNA levels at P16. All experiments were approved by and performed in accordance
with the guidelines of the Ethical Committee of Northern Stockholm, Sweden. All efforts
were made to minimize the number of animals used and their suffering.

2.2. Neonatal influenza A/WSN/33 infection

The neonatal infection model has previously been described in detail inAsp et al. (2007)
andAsp et al. (2009). Male C57BL/6 mice (n = 9 from a total of three litters) were infected
intraperitoneally (i.p.; thus mimicking a hematogenous route of infection) with 2400
plaqueforming units of mouse adapted neurotropic influenza A/WSN/33 virus (obtained
from Dr. S Nakajima, Institute of Public Health, Tokyo, Japan) suspended in 30 µl of
phosphate buffered saline (PBS; Gibco), at 3.5 centimeters head-to-rump length, i.e. at
postnatal day (P)3 or P4. Control mice were injected similarly with PBS (n = 10 from a total
of four litters).
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2.3. Neonatal kynurenine treatment

Two cohorts of male and female C57BL/6 mice were i.p. injected with L-kynurenine sulfate
salt (2×200 mg/kg/day; Sigma Aldrich), adjusted to pH ~8.2, every 12th hour for ten days to
mimic the increase in brain KYNA concentration following influenza infection (Holtze et
al., 2008). Administration of L-kynurenine started at P7 (first cohort; n = 8 (only males)
from a total of three litters, second cohort; n = 19 males and 18 females from a total of 15
litters). Similarly, control mice were injected with saline (0.9% NaCl; first cohort; n = 10
(only males) from a total of two litters, second cohort: n = 17 males and 17 females from a
total of 15 litters).

2.4. Behavioral and neurochemical assessments in adult life

Locomotor activity of influenza A virus-infected male mice and uninfected male controls
was assessed at the age of 5–6 months (Fig.1A). The L-kynurenine treated mice and saline
controls were tested at the age of 3–4 months. In the first cohort of mice neonatally treated
with L-kynurenine or saline and in the influenza infected mice, startle response and PPI tests
were performed approximately one week prior to the locomotor activity recording. No
difference in body weight was observed between influenza A virus-infected mice and
uninfected controls nor between L-kynurenine treated mice and saline controls at the time of
these behavior experiments. In the second cohort of mice (both males and females)
neonatally treated with L-kynurenine or saline, anxiety-like behavior was measured in the
elevated plus-maze (age 4 months) and the light dark box test (5–6 months). At 7–8 months
of age, females were tested for the trace fear conditioning to measure contextual memory
and male mice underwent microdialysis for investigations of dopaminergic
neurotransmission and extracellular levels of KYNA and 3-hydroxykynurenine (Fig.1B).
Before all behavioral assessments, mice were transferred to the laboratory at 07:30 a.m. on
the day of the experiment. Behavioral assessment started at 08:30 a.m. and for each tests, the
same experimenter performed all tests.

2.4.1. Prepulse inhibition—PPI of the startle response is used as an operational measure
of sensorimotor gating and is analyzed by measuring the ability of a non-startling “prepulse”
to inhibit the response to a startling stimulus (Hoffman and Ison, 1980). Startle response and
PPI testing were performed in commercial startle chambers (SR-LAB system, San Diego
Instruments, San Diego, CA). For details see Asp et al., 2010.

2.4.2. Open field behavior—Locomotor behavior, as defined by horizontal activity was
asseded in an open field apparatus for mice. For details, see Olsson et al 2012a. All mice
were habituated during three sessions of 60 minutes, 24 hours apart. At the start of each
session the mouse was placed in the front left corner of the apparatus. The last habituation
session was immediately followed by a test session of 90 minutes. d-amphetamine (5mg/kg;
Sigma Aldrich) or vehicle (0.9% NaCl) was injected i.p. approximately one minute prior to
the test session. All habituation sessions and test sessions were performed in the dark during
the animal’s light cycle, between 8 a.m. and 6 p.m. The d-amphetamine/vehicle
administrations were performed in a crossover design for the influenza A virus-infected and
uninfected mice with a seven-day washout period.

2.4.3. Elevated plus maze—The procedure of elevated plus maze was based on the
method of Lister and colleagues (Lister et al., 1987). The plus maze was shaped like a “plus”
sign and consisted of two open arms (30 × 5 cm) and two equal-sized closed (30 × 5 × 15
cm) arms opposite to each other. Open and closed arms extended from a central platform (5
× 5 cm). The maze was made of stainless steel and mounted on a base, raising it to a height
of 50 cm above the floor. Mice were individually placed on the central platform facing an
open arm, and allowed to freely explore the maze for 5 min. The number of entries into the
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different arms and the time spent in each arm were recorded by a video camera and then
analyzed using the top-view based behavior analysis software TopScan Lite (Clever Sys Inc,
Reston, Virginia). The number of entries and percent time spent in different arms was
measured as an index of exploratory behavior. After each test, the maze was cleaned with
70% ethanol solution and dried for 10 min. 19 neonatally L-kynurenine treated and 17 saline
treated male and 18 neonatally L-kynurenine treated and 17 saline treated female mice were
assessed. A total of 71 mice were tested (neonatal L-kynurenine, male=19, female=18;
neonatal saline, male=17, female=17).

2.4.4. Light/dark box test—The mouse light/dark box (50 × 25 × 25 cm) consisted of
two parts: a lit (800 lx) open white compartment and a darkened (0 lx) closed black
compartment with a volume ratio of 1:1. The two compartments were separated by a black
Plexiglas partition containing a 10 × 5 cm opening to allow animals to freely move from one
compartment to the other. The light/dark box test was performed according to the method
described by Costall and colleagues (Costall et al., 1988). Each mouse was placed in the
center of the white area facing away from the dark chamber and allowed to explore both
compartments freely for 5 min. After each test, the box was cleaned with a 70% ethanol
solution and dried for 10 min. Videos were analyzed using the top-view based behavior
analysis software TopScan Lite (Clever Sys Inc, Reston, Virginia). For each mouse, time
spent in light (white) and dark (black) compartment, number of transitions between the two
compartments as well as latency to first leave (escape) from the light compartment was
measured. A total of 70 mice were tested (neonatal L-kynurenine, male=19, female=18;
neonatal saline, male=17, female=16).

2.4.5. Trace fear conditioning—The trace fear conditioning test was carried out by
means of a fear conditioning chamber (Med Associates Inc., St. Albans, VT, USA). Training
(conditioning) consisted of 2 trials of tone and foot-shock pairings as previously described
(Terrando et al., 2010). Briefly, during conditioning mice were allowed to explore the
chamber for 100 s before a 20 s tone cue (90 dB). After 18 s interval a foot shock (2 s
duration, 0.5 mA intensity) was delivered through the stainless steel rods on the floor of the
apparatus. A second tone-shock pairing was repeated after 100 s inter trial interval and the
following 5 s after the second shock was defined as working memory. Working memory is
generally defined as cognitive entities (or “central executive” mechanisms) relating to
temporary storage and operation of information in both humans and animals (Yoon et al.,
2008). The mouse was removed 30 s after the last shock. Three days later, freezing was
recorded in the same context, with no tone or shock exposures. Freezing was scored
automatically by the Med Associate software and defined as the absence of movement
except that required for respiration (Kim and Fanselow, 1992).

Approximately 3 hours after the contextual assessment, mice were again placed in the
apparatus and freezing was recorded in a novel environment (a plastic floor covered the
metal grid and a pyramidal shape was inserted in the rectangular box) and in response to the
cue (tone). After 100 s exploration, the auditory cue was presented for 20 s followed by a
120 s inter trial interval, then another 20 s cue presented (Cibelli et al., 2010). The
percentage of time spent freezing was used to score learning and memory. A decrease in
percent freezing represents impairment of these abilities. 12 neonatally L-kynurenine treated
and 12 saline treated female mice were assessed.

2.4.6. Microdialysis surgery—Male mice were anesthetized in a Plexiglas chamber
continuously ventilated with 4.8% isoflurane in air using a vaporizer (Univentor 400
Anesthesia Unit; Univentor Ltd, Zejtun, Malta) and then mounted onto the ear bars of a
conventional stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA). Anesthesia
was maintained using a nose cone delivering 2.4% isoflurane. Body temperature was
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maintained at 37 °C throughout the surgery, by a thermometer and a heating pad
(Homeothermic Blanket Control Unit 50-7053-F, Harvard Apparatus, Holliston, MA, USA).
An ocular lubricant was applied and 0.5 mL sterile saline was given s.c. to prevent
dehydration. Before surgery, the scalp was swabbed with bupivacaine (5 mg/ml), to provide
post-operative analgesia, incised (7 – 8 mm) and the skull was cleaned from adhesions.
Next, a thin layer of quick-setting cyanoacrylate glue (BT AB, Stockholm, Sweden) was
applied to the exposed skull, serving as an adhesion surface to the dental cement. A small
hole was then drilled over striatum (AP: 0.5 mm anterior to bregma, L: 2 mm from midline),
and, following careful removal of the dura, a guide cannula (AT4.7.IC, AgnTho’s AB)
containing a dummy probe (outer diameter: 0.2 mm) was implanted (V: 1.5 mm below the
brain surface), and secured to the skull with acrylic dental cement (Dentalon® plus, Heraeus,
Hanau, Germany). Before each guide cannula implantation the incisor bar was adjusted so
that the skull was set in a horizontal flat plane. The wound was then sutured and mice were
allowed to recover single-housed for 48 hours with food and water ad libitum.

2.4.7. In vivo microdialysis—On the day of experiment, microdialysis was performed in
the home cage in unanaesthetized freely moving male mice. Mice were tethered to a swivel,
the guide was removed and a microdialysis probe (AT4.7.2.PES, shaft length: 7 mm,
membrane length: 2 mm, molecular cut-off: 6 kDa, AgnTho’s AB) was inserted through the
guide cannula. Probes were perfused with perfusion fluid (Ringer solution containing 148
mM NaCl, 4 mM KCl, 0.8 mM MgCl2, 1.4 mM CaCl2), delivered via polyethylene tubing
from a microinfusion pump (Univentor 864, Univentor Ltd) at a flow rate of 1 µl/min. All
samples were collected in plastic tubes attached to the tether in 30 min (for the analysis of
DA) or 45 min (for the analysis of KYNA) intervals throughout the experiment and
immediately manually injected (Rheodyne, Cotati, CA, USA) into a high performance liquid
chromatography (HPLC) system. To minimize the inter-individual variation due to
differences in probe recovery, the dialysate concentrations were transformed to percent of
baseline before statistical analysis. A stable baseline, consisting of three consecutive
samples with a maximal variation of 10 %, was usually obtained after 2–3 h and defined as
100%. These three samples were taken for determination of basal extracellular DA or
KYNA concentrations. Results for subsequent samples were calculated as percentages of
this average basal release. The mice then received an i.p. injection of d-amphetamine (2 mg/
kg), and DA or KYNA concentrations were measured for up to 300 minutes. After the
session, the mice were sedated with isoflurane and sacrificed with cervical dislocation and
tissues were frozen for later analysis and histological verification of probe placement.

2.4.8. Brain sample preparation for analysis of KYNA—To verify that brain KYNA
was elevated neonatally, a sub-set of mice was sacrificed at P16, six hours after the last L-
kynurenine or saline injection (n = 3/group). Mice that underwent behavioral testing in
adulthood were sacrificed within one week after the last test session. Brains were rapidly
sampled for KYNA analysis. Brain tissue was diluted eightfold in 0.4M PCA and
homogenized (Bullet Blender® Next Advance, Inc. Averill Park, NY, USA). The
homogenate was then centrifuged at 14000 rpm for 5 min and 1ml of the supernatant was
mixed with 100 µl 70% PCA. This solution was then re-centrifuged (14000 rpm, 5 min), and
the supernatant transferred to a new eppendorf tube for analysis.

2.4.9. Analysis of kynurenic acid—Briefly, 30 µl of the perfusate, or 50 µl of brain-
tissue homogenate, respectively, were subsequently analyzed for KYNA levels using an
isocratic reversed-phase high performance liquid chromatograph (HPLC) system. For
details, see Olsson et al., 2012a.
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2.4.10. HPLC detection of 3-hydroxykynurenine in microdialysate—To
determine 3-hydroxykynurenine concentration, 20 µl of the perfusate, was subjected to
analysis utilizing an isocratic reversed-phase HPLC system, coupled to an electrochemical
detector (Coulochem III; ESA Inc.). A mobile phase consisting of 20 mM sodium
phosphate, 0.7mM octanesulfonic acid and 10% acetonitrile (pH set to 3.2 using acetic acid)
was pumped through a ReproSil-Pur C18 column (4 × 150 mm, Dr. Maisch GmbH,
Ammerbuch, Germany), at a flow rate of 0.6 ml/min, delivered by a LC-10AD VP
(Shimadzu Corporation, Kyoto, Japan). Signals from the detector were transferred to a
computer for analysis with Clarity (Data Apex Ltd, The Czech Republic)

2.4.11. HPLC detection of DA in microdialysate—Separation of DA was achieved by
reversed-phase HPLC using a 55 mM sodium acetate buffer (pH 4.1, 10 % methanol) with
0.8 mM octanesulfonic acid and 0.01 mM Na2EDTA. The mobile phase was delivered by an
HPLC pump (Bischoff Chromatography, Leonberg, Germany) through a ReproSil-Pur C18
column (4 × 150 mm, Dr Maisch GmbH, Ammerbuch, Germany) at a rate of 0.8 ml/min.
Samples were then quantified by sequential oxidation and reduction in a high-sensitivity
analytical cell (ESA 5011); ESA Inc., Chelmsford, MA, USA) controlled by a potentiostat
(Coulochem III; ESA Inc.) with an applied potential of −450 mV for detection of DA. The
signals from the detector were transferred to a computer for analysis (Datalys Azur,
Grenoble, France). The retention time of DA was approximately 8 min.

2.5. Statistical analysis

The statistical software package GraphPad Prism® 6 (GraphPad Software Inc., San Diego,
CA, USA) for Mac OS X was used. All data are expressed as mean ± S.E.M. In this study
two experiments in separate sets of mice are included; influenza A virus-infected mice vs.
uninfected controls and L-kynurenine treated mice vs. saline controls. No comparisons were
performed between the two sets of mice.

PPI—Mean startle magnitudes within the test session were analyzed using one-factor
ANOVAs with neonatal treatment as a between-subjects factor. Percent acoustic PPI from
the ISI and prepulse intensity blocks of the test was calculated using the following formula:
100 – ((average startle of prepulse + pulse trial) / (average startle in pulse alone trial))×100.
Percent acoustic PPI data were analyzed using two-factor ANOVAs with prepulse intensity,
or ISI, as a within-subject factor, and L-kynurenine treatment or infection status as the
between-subject factors. Post hoc multiple comparisons of means were performed with
Tukey’s test.

Locomotor Behavior—For the locomotor parameter, horizontal activity, two-way
repeated measure ANOVA (treatment×time) followed by Bonferroni’s post hoc tests were
used.

TFC—Percent freezing was analyzed by two-way repeated measures ANOVA with time
block and treatment (L-kynurenine or Saline) as the two factors. When interaction between
the factors was observed, the Bonferroni multiple comparison test was used.

Data obtained in the elevated plus maze and the light-dark box were analyzed with the
student t-test.

Microdialysis data were analyzed via two-way repeated measures ANOVA (with time as the
repeated measure and treatment as a between subject factor) followed by Bonferroni
multiple comparison test.
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Whole brain KYNA concentrations between groups were analyzed with the non-parametric
Mann-Whitney U test.

A p value of < .05 was considered statistically significant throughout the study.

3. Results

3.1. Locomotor activity assessed in the open field following virus infection

Basal horizontal activity in adult animals did not differ between neonatally influenza A/
WSN/33 virus infected mice (n = 16) and their uninfected controls (n = 17; Fig. 2). Acute
administration of d-amphetamine (5 mg/kg, i.p.) in adult life increased horizontal activity in
neonatally influenza A/WSN/33 virus-infected mice (n = 8) and in uninfected controls (n =
9). As compared to the uninfected control mice, neonatally influenza A virus-infected mice
showed a more pronounced increase in d-amphetamine-induced response (Interaction: F (51,
493) = 3.629, p < .001; Time: F (17, 493) = 25.34, p < .001; Treatment: F (3, 29) = 16.29, p
< .001). No d-amphetamine-induced signs of stereotypy were visible when mice were
removed from the chambers.

3.2. Elevation of endogenous KYNA during early-life in mice treated with L-kynurenine

Neonatal administration of L-kynurenine (2×200 mg/kg/day, i.p., P7-16) increased brain
KYNA concentrations measured six hours after the last injection at P16 (mean ± S.E.M:
4.61 ± 1.09 nM, n = 3 vs. 2.25 ± 0.46 nM in saline treated controls, n = 3).

3.3. Locomotor activity assessed in the open field following neonatal L-kynurenine
treatment

Basal horizontal activity in adult life did not differ between neonatally L-kynurenine-treated
mice (n = 8) and their saline-treated controls (n = 8; Fig. 3). Administration of d-
amphetamine (5 mg/kg, i.p.) in adult life increased horizontal activity in mice neonatally
treated with L-kynurenine (n = 4) and in saline treated controls (n = 4). In the neonatally L-
kynurenine treated mice, d-amphetamine potentiated the increase in response in horizontal
activity as compared to the saline treated control mice (Interaction: F (51, 204) = 2.631, p
< .001; Time: F (17, 204) = 10.61, p < .001; Treatment: F (3, 12) = 8.788, p < .01). No d-
amphetamine-induced signs of stereotypy were visible when mice were removed from the
chambers.

3.4. Assessment of prepulse inhibition following neonatal L-kynurenine treatment

Measurements of PPI were performed in adult mice, neonatally treated with L-kynurenine (n
= 8) or with saline (n = 10). In the varied ISI block, neonatally L-kynurenine treated mice
displayed an ISI-dependent impairment in PPI as evidenced by an interaction between L-
kynurenine treatment and ISI (F (4,64) = 3.37, p < .05). Post hoc analysis revealed a
significant decrease in PPI with L-kynurenine treatment at the 500 ms ISI (p < .01; Fig. 4A).
There was no main effect of neonatal L-kynurenine treatment on PPI in the varied ISI block
(F < 1, NS), and no difference in startle magnitude to the P120 trials in this block between
the groups (F < 1, NS; Fig. 4B). In the varied prepulse intensity block, there was no main
effect on L-kynurenine treatment (F < 1, NS) or any interaction between L-kynurenine
treatment and prepulse intensity (F (2,32) = 1.12, NS). In the startle threshold block, there
was a main effect of stimulus intensity (F (4,64) = 38.89, p < .001), but no difference in
startle threshold between the L-kynurenine treated mice and the saline control (F (1,16) =
1.22, NS).

Liu et al. Page 8

Brain Behav Immun. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



3.5. Assessment of anxiety following neonatal L-kynurenine treatment

To assess anxiety, male and female mice were tested separately in the elevated plus maze
and in the light/dark box tests. In these studies no differences with regard to gender was
observed.

Elevated plus maze—Percent entries and percent time in the open arms did not differ
between mice neonatally treated with L-kynurenine or saline (data not shown).

Light/dark box test—There were no differences in the number of light compartment
entries, the percentage of time spent in the light compartment or the latency to first leave the
light compartment between mice neonatally treated with L-kynurenine or saline (data not
shown).

3.6. Learning and memory assessment following neonatal L-kynurenine treatment

To assess learning and memory in neonatally L-kynurenine and saline treated C57BL/6
mice, we tested animals with a trace fear conditioning paradigm. Percent freezing during
each phase of the task was measured. In the training stage, a two-way repeated measures
ANOVA revealed a significant main effect (Treatment F (1,22) = 24.82, p <.001; Time F (3,
66) = 15.80, p <.001; Interaction: F (3, 66) = 3.406, p <.01), Bonferroni multiple
comparison test showed that the working memory after an unpleasant stimulus was
significantly impaired in neonatally L-kynurenine-treated female mice compared to saline-
treated female mice (mean ± S.E.M: L-kynurenine treatment: 9.89 ± 4.66 s, n = 12, controls:
40.22 ± 8.14 s, n = 12, p < .001, Fig. 5A). The neonatally L-kynurenine treated mice and the
saline treated mice exhibited similar freezing times in the contextual assessment (Fig. 5B)
and in the cued assessment (F (1,22) < 1, NS, Fig. 5C).

3.7. Measurement of dopamine release following neonatal L-kynurenine treatment

Mean basal concentration of DA in a perfusate collected over 30 min from striatum in
awake, freely moving male mice did not differ between mice neonatally treated with L-
kynurenine (4.22 nM ± 0.70; n = 5) or saline (4.80 nM ± 0.82; n = 6). Data were not
corrected for in-vitro dialysis probe recovery. The d-amphetamine-induced release of striatal
DA is summarized in Fig. 6. Systemic administration of d-amphetamine (2 mg/kg, i.p.) was
associated with a marked increase in DA release in the striatum in mice neonatally treated
with L-kynurenine or saline. This effect reached its maximum 30 min after the d-
amphetamine injection (+ 733%, in kynurenine-treated mice, n = 5, p < .001). A tendency
towards an enhanced d-amphetamine-induced DA release in kynurenine-treated mice
compared to saline treated mice (+ 437%, n = 6, NS) was observed (Between-group
comparison: Interaction: F (11,99) = 1.67, p = .09; Time: F (11,99) = 20.15, p < .001;
Treatment: F (1,9) = 1.51, p = .25).

3.8. Brain KYNA concentration in adult animals

In adult life, brain KYNA concentrations did not differ between controls and L-kynurenine-
treated mice (mean ± S.E.M: Controls: 4.06 ± 0.51 nM, n = 9, L-kynurenine treatment: 5.37
± 1.10 nM, n = 8, p = 0.37) or between uninfected controls and influenza-treated mice (mean
± S.E.M: uninfected controls: 1.69 ± 0.16 nM, n = 10, influenza A virus-infected mice: 2.03
± 0.20 nM, n = 8, p = 0.17). Extracellular KYNA levels in microdialysates, collected over
45 min from striatum in awake, freely moving male mice, did not differ between mice
neonatally treated with L-kynurenine (2.27 nM ± 0.32; n = 3) and saline treated mice (2.02
nM ± 0.54; n = 4). Extracellular levels of 3-hydroxykynurenine were found to be below the
lowest level of detection (data not shown).
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DISCUSSION

The present study shows that a neonatal infection with a neurotropic mouse-adapted strain of
influenza A virus is associated with enhanced responsiveness to d-amphetamine in adult
animals, as measured in the open field. Similarly, neonatal administration of L-kynurenine,
leading to elevated brain levels of endogenous KYNA during treatment, enhanced the
locomotor responsiveness to d-amphetamine in adult mice. d-amphetamine administration
also tended to potentiate DA release in the striatum of adult mice following neonatal
treatment with L-kynurenine. In addition, mice neonatally treated with L-kynurenine
displayed mild reductions of PPI as well as reduced working memory in the trace fear
conditioning task as adults. Despite a reduction in working memory in the L-kynurenine
treated mice, we did not observe significant changes in context fear memory, suggesting that
the hippocampus and/or other related areas (prefrontal cortex and amygdala) might only be
partly affected in this model (Han et al., 2003; Runyan et al., 2004). Consistent with Chess
and colleagues, no changes were observed during the tone-cued assessment (Chess et al.,
2009).

The neonatal L-kynurenine treatment was associated with subtle disruptions in PPI in adult
mice. The decreased PPI at the 500 ms interstimulus interval suggests that processing time is
reduced in L-kynurenine-exposed mice. If the active processing of the prepulse is not
maintained for as long in these mice, the period of filtering is shorter which results in less
prepulse inhibition. The data on PPI in the neonatal L-kynurenine treated mice should be
interpreted with caution, however, since the only statistically significant decrease in PPI was
observed at the 500 ms interstimulus interval. Previously we reported that PPI was not
affected in wild-type mice neonatally infected with influenza A virus (Asp et al., 2010). This
discrepancy may possibly be explained by a more robust and lasting increase in brain
KYNA concentration in the L-kynurenine treated mice compared to the infected mice. This
view is in line with the behavioral deficits observed in adult immunodeficient mice exposed
to the same neonatal infection, as these mice exhibited a more persistent induction of the
kynurenine pathway in early-life (Asp et al., 2010) (Asp et al., 2009).

In line with our previous study (Asp et al., 2009), we found no alterations in spontaneous
locomotor activity in mice neonatally infected with influenza A virus. However,
administration of d-amphetamine potentiated the locomotor response in the infected mice as
well as in mice neonatally treated with L-kynurenine as compared to control mice.
Generally, d-amphetamine produces a bimodal locomotor response in C57BL/6 mice, where
increased locomotion predominates at lower doses (≤ 6 mg/kg) but is gradually displaced by
stereotypic behavior at higher doses (Yates et al., 2007). Presently observed changes in
behavioral response to 5 mg/kg of d-amphetamine should thus mostly reflect an increase in
locomotor activity and not a reduction in stereotypic behavior. No stereotypic behavior was
observed when mice were removed from the locomotor chambers. The closed chambers,
however, prevented explicit measurements of stereotypic behavior in the mice during the
experiments.

Our previous studies indicated that C57BL/6 mice neonatally infected with influenza A
virus display normal behavior with regard to PPI, anxiety, and spatial working memory (Asp
et al., 2009, 2010). However, when using the same model of neonatal infection in
immunodeficient mice lacking functional CD8+ T cells, i.e. Tap1−/− mice, we observed
deficits within these domains in adult animals (Asp et al., 2009, 2010). Thus, neonatal
infection along with a genetic variation affecting immune function appears to more potently
affect PPI, working memory and anxiety, tentatively related to the more robust elevation of
brain KYNA as compared to environmental exposure only. Present results also indicate that
neonatal treatment with L-kynurenine is sufficient to induce mild deficits in PPI and
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working memory in adult animals. Taken together, these findings suggest that the more
robust increase in brain KYNA concentration in the L-kynurenine treated mice (present
study) and in the infected Tap1−/− mice (Asp et al., 2009, 2010) contributed to the
behavioral deficits in adult animals.

The underlying mechanism behind the enhanced responsiveness to d-amphetamine in adult
mice treated neonatally with influenza A virus or with L-kynurenine is intriguing. With
regard to the development of schizophrenia, it has been suggested that the last months of
gestation and the first years of life is the most vulnerable period of exposure to
environmental insults, such as a CNS infection (Marenco and Weinberger, 2000). The time
point of infection in the present study (i.e. P3/P4) corresponds to approximately late 2nd to
early 3rd trimester of human gestation with regard to brain development (Rice and Barone,
2000). The present experimental protocol of systemic influenza infection is thus designed to
mimic a hematogenous route of infection of the human fetus. During this period (the brain
growth spurt), neurons are very sensitive to specific disturbances in their synaptic activity
(Olney, 2002). As previously reported, the neonatal influenza infection is associated with
increased transcription of the gene encoding IDO and increased levels of brain KYNA (Asp
et al., 2010; Holtze et al., 2008). Interestingly, administration of other NMDA receptor
antagonists, such as PCP during early neonatal life has been reported to result in apoptotic
neurodegeneration in the developing brain (Ikonomidou, 2009; Rudin et al., 2005; Young et
al., 2005) and persistent behavioral deficits (Fredriksson et al., 2007; Harris et al., 2003;
Mouri et al., 2007) in rodents. NMDA receptor blockade in early postnatal life is also
suggested to alter the maturation process of the parvalbumin interneuron circuitry tentatively
increasing the risk of developing mental diseases in adulthood (Powell et al., 2012). It is
thus possible that the behavioral alterations observed in adult mice in the present study are
related to neonatal blockade of the NMDA receptor and consequent altered parvalbumin
interneuron circuitry. In addition, the ability of KYNA to block the α7nAChR may also
have contributed to the longterm developmental actions (Ross et al., 2010). In agreement,
with our current findings, earlylife elevation of brain KYNA concentration, from gestational
day 15 to postnatal day 21, has been reported to cause dysfunctions in cognitive flexibility,
assessed by an attentional set-shifting task, as well as deficits in the passive avoidance test
and the Morris water maze test in the adult rat (Pocivavsek et al., 2012; Alexander et al.,
2013). As neonatal L-kynurenine-treatment was associated with a reduced PPI and working
memory deficits as well as a potentiated d-amphetamine induced DA response, the long-
term effects of the neonatal virus infection might be due to a transient increase of
endogenous brain KYNA in early-life hereby affecting the development of neuronal circuits
important for sensorimotor gating and cognitive functions. This view is in agreement with
the neurodevelopmental theory of schizophrenia and other related psychotic disorders,
suggesting the early-life as a particularly vulnerable period for environmental insults
(Ikonomidou et al., 1999; Lu et al., 2010; Marenco and Weinberger, 2000; Mohn et al.,
1999; Olney and Farber, 1995).

In contrast to a recent rat microdialysis study showing increased extracellular KYNA levels
in adulthood following pre- and postnatal oral kynurenine treatment (Pocivavsek et al.,
2012), we did not observe increased KYNA content in adulthood following neonatal
influenza infection or neonatal L-kynurenine treatment. This discrepancy might be related to
species differences as well as differences in administration routes of kynurenine and/or in
exposure periods. Subchronic elevation of brain KYNA in adult rodents, possibly mimicking
a pathophysiological condition in patients with psychiatric disorders (Erhardt et al., 2001b;
Linderholm et al., 2012; Olsson et al., 2010, 2012b, Lavebratt et al., 2013), has previously
been shown to potentiate the d-amphetamine-induced increase in brain dopamine efflux
(Olsson et al., 2009) and in locomotor activity (Olsson et al., 2012a). Furthermore, acutely
increased brain KYNA in rats is associated with disruptions in PPI (Erhardt et al., 2004).
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Although the increase in brain KYNA concentration was restricted to the period of
kynurenine treatment, the present data are in line with these observations as well as with the
enhanced striatal dopamine release by d-amphetamine seen in brain imaging studies in
patients with schizophrenia (c.f. Introduction), thus suggesting that elevation of KYNA
during a critical period in neonatal life produces long-lasting effects with regard to behavior
and neurotransmission related to schizophrenia.

Although KYNA is suggested to play a pathophysiological role in dopamine-related
disorders, e.g. schizophrenia and bipolar disorder (Erhardt et al., 2001a; Nilsson et al., 2005;
Erhardt et al., 2007; Erhardt et al., 2009; Olsson et al., 2010, 2012b, Linderholm et al., 2012,
Lavebratt et al., 2013), the present results do not establish a causal relation between KYNA
and the behavioral deficits since other metabolites of the kynurenine pathway, e.g.
quinolinic acid, a NMDA receptor agonist, and 3-hydroxykynurenine, a free radical
generator, may also increase following neonatal influenza virus infection or L-kynurenine
treatment, respectively. With regard to infection it is well established that not only KYNA,
but also quinolinic acid levels increase (Heyes et al., 1992). Expression of enzymes
downstream kynurenine, i.e. kynurenine monooxygenase (KMO), kynureninase (KYNU)
and 3-hydroxyanthranilate 3,4-dioxygenase (HAAO), were induced in the brain following
the neonatal influenza virus infection (Holtze et al., 2008). Therefore, central levels of other
kynurenine metabolites, including quinolinic acid may also have been transiently elevated in
these mice. Induction of this arm of the kynurenine pathway has been linked to depression-
like behavior in both clinical (Raison et al., 2010, Erhardt et al., 2013) and experimental
studies (see Dantzer et al., 2008) and mice infected with influenza virus might experience
both sickness behavior and depressive-like symptoms at the time of infection. However,
with regard to the neonatal kynurenine treatment, it has been shown that a rise in kynurenine
levels disproportionately favors the synthesis of KYNA over that of quinolinic acid (Amori
et al., 2009a; Guidetti et al., 1995). Thus, the behavioral effects observed following neonatal
administration of L-kynurenine may be specifically related to increased levels of brain
KYNA rather than any other kynurenine pathway metabolite. Since similar aberrations in
behavior were observed in mice neonatally treated with L-kynurenine or infected with
influenza virus, these persistent effects might be due to a transient increase in KYNA during
a critical period of neurodevelopment.

In conclusion, the results of the present study show that a neonatal CNS influenza virus
infection potentiates d-amphetamine-induced increase in locomotor response in adult mice.
The present results also suggest that neonatal NMDA-receptor and/or α7nAChR blockade,
by elevated brain KYNA levels, induces mild impairments in PPI and working memory as
well as exaggerates d-amphetamine-induced DA responses. Neonatally elevated brain
KYNA levels, might thus link infections in early-life with disturbed behavior in adulthood
in accordance with the developmental theory of neuropsychiatric disorders. In addition, the
present results suggest that early-life elevation of KYNA in the brain might serve as a novel
animal model of schizophrenia development.
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Fig. 1.
(A) Schematic representation of the neonatal influenza model. Male C57BL/6 mice were
infected i.p. with 2400 plaque-forming units of mouse adapted neurotropic influenza A/
WSN/33 virus at P3 or P4 (n = 9). Control mice were injected similarly with PBS (n = 10).
At the age of 5–6 months, locomotor activity was assessed using an open field apparatus for
mice.
(B) Schematic representation of the neonatal kynurenine model. Two cohorts of C57BL/6
mice were i.p. injected with L-kynurenine sulfate salt (2×200 mg/kg/day, every 12th hour for
ten days starting at P7 (first cohort; n = 11 (only males), second cohort; n = 37 (19 males
and 18 females)). Similarly, control mice were injected with saline (0.9% NaCl; first cohort;
n = 13 (only males), second cohort: n = 34 (17 males and 17 females). In the first cohort,
PPI and locomotor activity (using an open field apparatus for mice) was assessed. In the
second cohort of mice (both males and females) neonatally treated with L-kynurenine or
saline, anxiety status by means of elevated plus-maze (age 4 months) and the light dark box
test (5–6 months), respectively. Then the trace fear conditioning test (age 7–8 months) was
performed to female mice in order to analyze contextual memory and male mice underwent
microdialysis (age 7–8 months) for investigations of striatal dopamine release as well as of
extracellular levels of KYNA and 3-hydroxykynurenine.
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Fig. 2. Locomotor activity following neonatal treatment of influenza
Horizontal activity during habituation three and following acutely administered d-
amphetamine (5 mg/kg) or vehicle to 5–6 months old mice, injected with influenza A virus
(2400 plaque-forming units) or phosphate buffered saline (PBS) at postnatal day 3 or 4.
Each point represents the mean ± S.E.M. of counts recorded during five-minute intervals.
Statistical analysis was performed by a two-way ANOVA for repeated measurements (time
× treatment) followed by Bonferroni’s multiple comparison test (Interaction: F (51, 493) =
3.629, p < .001; Time: F (17, 493) = 25.34, p < .001; Treatment: F (3, 29) = 16.29, p < .001).
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Fig. 3. Locomotor activity following neonatal treatment of kynurenine
Horizontal activity during habituation three and following acutely administered d-
amphetamine (5 mg/kg) or vehicle to 3–4 months old mice, injected with L-kynurenine
(2×200 mg/kg/day) or saline at postnatal day 7–16. Each point represents the mean ± S.E.M
of counts recorded during five-minute intervals. Statistical analysis was performed by a two-
way ANOVA for repeated measurements (time × treatment) followed by Bonferroni’s
multiple comparison test (Interaction: F (51, 204) = 2.631, p < .001; Time: F (17, 204) =
10.61, p < .001; Treatment: F (3, 12) = 8.788, p < .01).
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Fig. 4. Prepulse inhibition following neonatal treatment of kynurenine
(A) Prepulse inhibition (PPI) and (B) startle magnitude during the varied interstimulus
interval (ISI) block of the startle session in 3–4 months old mice, neonatally injected with L-
kynurenine (2×200 mg/kg/day, n = 8) or saline at postnatal day 7–16 (n = 10). Statistical
analysis was performed using a one-factor ANOVA, followed by a Tukey’s post hoc
multiple comparison test. F (4,64) = 3.37, p < .05, interaction between L-kynurenine
treatment and ISI. ** p < .01, statistically different from saline control mice. Data are
presented as mean ± S.E.M.
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Fig. 5.
Trace fear conditioning of L-kynurenine treated and saline treated C57BL/6 female mice.
(A) Percent component time freezing during the training trial was analyzed in the following
time periods: Baseline, first tone cue (Tone1), Inter-trial interval (ITI), second tone cue
(Tone2) and working memory (WM). Data were analyzed with two-way ANOVA for
repeated measurements (time × pretreatment) followed by Bonferroni multiple comparison
test, which revealed a significant impairment of working memory in L-kynurenine treated
mice, as compared to saline treated controls, (Treatment: F (1, 22) = 24.82, ***p < .001).
No changes in the contextual fear response (B) or the tone cued assessment (C) were
observed.
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Fig. 6. Measurement of dopamine release following neonatal L-kynurenine treatment
Effects of d-amphetamine (2 mg/kg i.p.) administration on dopamine output in the nucleus
accumbens in awake, freely moving mice. Each point represents the mean ± S.E.M. percent
of baseline (n = 5–6). Between-group comparisons revealed a trend towards enhanced
response in kynurenine-treated mice (two-way ANOVA for repeated measurements (time ×
treatment); Interaction: F(11,99) = 1.67, p = .09; Time: F(11,99) = 20.15, p < .001;
Treatment: F(1,9) = 1.51, p = .25)).
Induction of the kynurenine pathway in early life is associated with long-lasting effects with
regard to behavior and neurotransmission related to schizophrenia.
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