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Abstract

Interest in understanding the etiology and developing new treatments for anxiety disorders in
children and adolescents has led to recent studies of neurotransmitters not traditionally asso-
ciated with neural pathways for fear and anxiety. The binding of the neurotransmitter substance P
(SP) to its neurokinin-1 (NK1) receptor may be a crucial component in mediating the anxiety re-
sponse. While previous studies using rodent models have documented the anxiolytic effects of SP
antagonists, the role of individual differences in affective temperament has not yet been examined
in studies of drug response. This study used intracerebroventricular injections of the NK1 anta-
gonist Spantide II at concentrations of 10 and 100 pmol to examine the consequences of blocking
the SP-NK1 pathway in high and low line rats selectively bred for high or low levels of ultrasonic
distress calls after a brief maternal separation. Affective temperament was a significant factor in
determining drug response. Spantide II resulted in a significant reduction of distress calls in sub-
jects in the high anxiety line, while low line subjects with low anxiety were resistant to the drug.
These data indicate that the SP-NK1 pathway could be an important therapeutic target for the
treatment of various stress disorders, but drug response might be influenced by the individual’s
state anxiety or history of chronic stress.
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1. Introduction

Anxiety disorders are among the most prevalent mental health disorders, including social phobia, post-traumatic
stress disorder, obsessive-compulsive disorder, and panic disorder. Globally, estimates of the prevalence of an-
xiety disorders range from 5.3% in African cultures to 10.4% in Euro/Anglo cultures [1]. Anxiety behaviors are
affective reactions that use neural pathways that evolved for mammalian fear responses. Fear responses can be
observed very early in life; for example, the normative response of separation anxiety appears in infants at
around 18 months of age and can persist until about three years of age. Recently, attention has focused on better
detection and developing new treatments for anxiety disorders in adolescents and children. In a national survey
of American teenagers, anxiety symptoms were reported by 31.9% of the respondents, with 8.3% meeting an-
xiety diagnostic criteria of severe impairment and/or distress [2]. The median age for disorder onset was also
earlier for anxiety disorders (6 years of age) than for other mental health illnesses. Anxiety disorders in child-
hood and adolescence are associated with a variety of negative outcomes, including psychosocial and school
impairments and an increase in suicide risk [3].

The neurobiological bases of anxiety are complex, involving multiple neurotransmitters and neural circuits.
One neurotransmitter system recently implicated in the activation of anxiety behaviors is the neuropeptide sub-
stance P (SP). Stressful stimuli can trigger the in vivo release of SP in brain areas that are known to play roles in
mediating anxiety behavior, such as the amygdala, hippocampus, periaqueductal gray, nucleus accumbens, and
lateral septum [4] [5]. The influences of SP are mediated by its binding to the neurokinin-1 (NK1) receptor, the
distribution pattern of which mainly overlaps with the locations of SP release itself [5] [6]. Microinjections of
SP into the dorsal periaqueductal gray (dPAG), a major output station for the defense reaction, have significant
anxiogenic effects [7].

The demonstration of SP-related anxiogenesis prompted studies of the therapeutic value of blocking its NK-1
receptor in animal models of anxiety. In rodents, fear behaviors manifest physiologically as freezing, ultrasonic
vocalizations, and a reluctance to explore new environments [8]. NK1 receptor “knockout” mouse mutants show
reductions in both depressive and anxious behaviors [9]. In neonatal guinea pigs, the SP antagonist GR73632
was noted to reduce distress vocalizations induced by an SP agonist [10]. In adult male rats, Spantide, a specific
NK-1 receptor antagonist, at a dose of 100 pmol, reduced freezing and escape responses after the dPAG was
electrically stimulated [11]. Spantide was similarly reported to block the anxiogenic effects of SP amygdalar in-
jections on plus maze and exploratory behavior of male rats as well as reducing freezing after dPAG stimulation,
also at a dose of 100 pmol [12].

Though the effects of the SP-NK1 pathway on anxiety behavior has been demonstrated in rodents, no studies
examined whether individual differences in baseline affective temperament might interact with the pharmaco-
logical effects of blocking the NK-1 receptor. In this study, we used a rodent model useful in examining this
question, ultrasonic vocalizations (USVs) after a brief maternal separation, analogous to human separation an-
xiety. These USVs are regarded as an indicator of the affective state of the pup (e.g. the term “distress calls”
[13]), since they are reduced after the administration of anti-anxiety agents such as the benzodiazepines and
neurosteroids [14]-[16]. The selective breeding of rats based on their rates of infantile ultrasonic vocalizations
(USVs) has resulted in two unique lines (high and low) whose neonates reliably emit distress calls at high and
low rates following a brief maternal separation [17]. The USV line difference, selected for an infantile trait,
persists into adulthood. For example, heart rate in a novel environment, an indicator of stress reactivity, is sig-
nificantly higher in juvenile high line rats as compared to low line rats [18]. Adult high line rats also behave
more fearfully and inhibited than low line rats do; for example, high line rats take significantly longer than low
line rats to emerge from a cylinder into an open field, while low line rats enter significantly more central squares
and total squares in an open field than high line rats do [19].

This study examined the effects of an NK1 receptor antagonist, Spantide Il, on USV rates in 7-day-old high
and low line week-old pups following brief separation from the dam. USVs are a corroborated behavioral indi-
cator of anxiety in pups [20], and infantile vocalization behavior predicts scores on independent measures of an-
xiety in adulthood [21]. Spantide Il, an analogue of substance P that blocks SP functioning via competitive
binding at the NK1 receptor sites [22], is injected into the cerebral lateral ventricles [23]. The experiment sought
to characterize individual differences in the SP-NK1 pathway as well as to determine whether an anxiolytic ef-
fect of this SP antagonist would be observable in neonatal rats.
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2. Materials and Methods
2.1. Subjects

Subjects were 194N:NIH Norway infant rats bred from the 46™ generation of high and low lines in the Williams
College Animal Facility, Williamstown, MA. Pregnant females were housed in clear plastic breeding cages (44
cm x 22 cm x 20 cm) after successful mating with a same-line male, in a room with a 12-hour light-dark cycle
with ad libitum access to food and water. All testing was performed during the light cycle. Experiments were
performed in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals
and were approved by the Institutional Care and Use Committee. Births were noted on postnatal day 0. Litters
smaller than 6 or larger than 10 pups were not used.

2.2. Behavioral Testing

On postnatal day 7, the entire litter was brought to the testing room in a transfer cage, which was placed on a
heating pad set at 32°C for 20 minutes. There were four experimental injections conditions: non-injected control,
vehicle control, and two dose conditions of Spantide Il. Four male and four female subjects were randomly se-
lected from the litter; in some cases the litter did not have all possible subjects but for each litter, only one male
and one female pup were tested per injection condition. Subjects were randomly assigned to experimental condi-
tions and testing was also performed in a random order for condition and sex. Subjects (n = 49) in the vehicle
condition received 2 pl intracerebroventricular (ICV) injections of saline. Experimental subjects received ICV 2
ul injections of either 10 pmol (n = 47) or 100 pmol (n = 43) of Spantide Il obtained from Sigma Aldrich Chem-
ical Company (St. Louis, MO). ICV injections were made using a glass Hamilton syringe (Cole Parmer, Chica-
go. IL) and a 30 gauge needle sharpened and beveled to a 22° angle tip. The needle was inserted 2 mm into the
lateral ventricle at 1 mm lateral and dorsal to bregma; at this age landmarks are easily visible through the skin
covering the skull. Control subjects (n = 55) received the same handling but no injection.

Subjects were individually placed in a flat-bottomed glass dish, 190 mm x 100 mm, directly under a capacit-
ance microphone with a mylar diaphragm (S-25 ultrasound bat detector, Ultra Sound Advice, London) sus-
pended from a clamp. This system was set to detect signals at 45 =+ 5 kHz, and produced an audible signal in
earphones worn by the experimenter, who could then manually count ultrasounds using a software counting
program (OD Log). Calls were recorded for two minutes. Testing was conducted in an adjacent room under dim
lighting.

2.3. Data Analysis

The effects of line, condition, and sex on USV number were evaluated with a three-factor Analysis of Variance
(ANOVA), followed by LSD post-hoc testing where appropriate (criterion of p < 0.05). All analyses were con-
ducted using IBM SPSS Statistics Version 21 (IBM Corp., Armonk, NY).

3. Results

There was a significant interaction between line and condition on the number of USVs emitted, F(3,178) =
10.439, p < 0.001), as shown in Figure 1. This interaction is explained by the finding that the effect of condition
was only significant in the high line subjects; no significant effects of the drug were apparent in low line sub-
jects. Post-hoc testing revealed that high line subjects in the 10 pmol and 100 pmol drug conditions emitted sig-
nificantly fewer USVs than non-injected control and vehicle control subjects (p’s < 0.001). The two control
groups did not differ from each other. Interestingly, high line subjects injected with 10 pmol Spantide Il called
marginally less than those injected with a 100 pmol solution of the drug (p < 0.07).

There was a significant main effect of condition on the number of USVs, F(3,178) = 7.929, p < 0.001, an arti-
fact due to the effects on the high line subjects. There was also a significant main effect of line on the number of
USVs, F(1,178) = 371.275, p < 0.001). Since the high line rats were bred specifically for high rates of USVs af-
ter brief maternal separation, the mean number of USVs was expected to be significantly higher; across condi-
tions, low line subjects (N = 80) emitted a mean of 32 calls per two minutes, while high line (N = 114) produced
a mean of 201 USVs. There was no main effect of sex, not any interaction of sex with any other factor.
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Figure 1. Mean USVs per two minutes (+SEM) for low and high line subjects injected
with Spgntide Il at concentrations of 10 and 100 pmol, saline vehicle, or a no-injection
control. “Significantly different from both control groups (p’s < 0.001).

4. Discussion

A significant reduction of distress calls was observed in high line rats injected with either 10 pmol or 100 pmol
Spantide 11, as compared to control and vehicle groups. These results indicate that blocking NK1 receptors has
an anxiolytic effect on subjects with high baseline anxiety levels. The failure of either dose of Spantide Il to re-
duce USV rates in low line animals may be due to a line difference in density or subunit composition of NK1
receptors. Further investigation of the SP/NK1 system in this animal model might prove useful in determining
this neurotransmitter system’s role in stress and anxiety disorders.

The suggestion that the lower concentration (10 pmol) was more effective than the higher dose (100 pmol) of
Spantide Il parallels a similar finding in an earlier study in adult male rats. In that study, 10 pmol of Spantide Il
was more effective than 100 pmol in reversing the hippocampal excitability induced by infusions of SP [24]. In
this study, the mean number of USV calls in the 10 pmol drug group decreased by 43% compared to the controls,
and the USV rate for the 100 pmol group was reduced by 30%. The results also extend previous research on
adult male rodents to neonatal subjects of both sexes. Although no sex effects were detected, it is possible that
sex effects in response to NK1 antagonists would appear after puberty.

High line rats may be a useful model system for studying stress pathologies, since humans diagnosed with an-
xiety disorders exhibit above-average baseline stress responses. Highlighting the interaction between baseline
affective temperament and drug response emphasizes the value of matching drug treatment with individual dif-
ferences in affect. The high line also offers the advantage of high rates of anxiety behavior emitted without ar-
tificial induction. While previous experiments on NK1 antagonists have used electrical stimulation of brain areas
involved in defensive responses [11] [12] or infusions of SP [10], the paradigm used in this study may better
correspond to environmental stressors likely to be found in the course of normal daily activities. NK1 receptor
antagonists may also be useful outside the realm of anxiety, as substance P has also been implicated in modulat-
ing depression in animal models and humans [10] [25].

5. Conclusion

The substance P/NK1 neurotransmitter system has been demonstrated to be active in regulating anxiety in neo-
natal rats, which might be clinically important in developing new medications for children with anxiety disord-
ers. The anxiolytic effect of the SP antagonist Spantide 11 was also found to be dependent on the subject’s affec-

tive state.
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