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Abstract

Stressors can exert a wide variety of responses, ranging from adaptive responses to pathological
changes; moreover, recent studies suggest that mild stressors can attenuate the response of a
system to major stressful events. We have previously shown that two-week exposure to cold, a
comparatively mild inescapable stressor, induced a pronounced reduction in ventral tegmental area
(VTA) dopamine (DA) neuron activity, whereas restraint stress increases DA neuron activity.
However, it is not known if these stressors differentially impact the VTA in a region-specific
manner, if they differentially impact behavioral responses, or whether the effects of such different
stressors are additive or antagonistic with regard to their impact on DA neuron firing. To address
these questions, single-unit extracellular recordings were performed in anesthetized control rats
and rats exposed to chronic cold and tested after delivery of a two-hour restraint session. Chronic
cold stress strongly attenuated the number of DA neurons firing in the VTA, and this effect
occurred primarily in the medial and central VTA regions that preferentially project to reward-
related ventral striatal regions. Chronic cold exposure also prevented the pronounced increase in
DA neuron population activity without affecting the behavioral sensitization to amphetamine
produced by restraint stress. Taken together, these data show that a prolonged inescapable mild
stressor can induce plastic changes which attenuate the DA system response to acute stress.
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Introduction

Stress is generally defined as an outside force that leads to a response of the body to a
demand for change (Selye, 1937; 1956) or a threat to the maintenance of homeostasis (Pacak
& Palkovits, 2001). Stress involves a heightened arousal or excitability, with a perception of
aversiveness and a feeling of lack of control over outcomes (Kim & Diamond, 2002). As
such, stress can be either adaptive, to prepare for a response in the face of an apparent
danger, or maladaptive, since it can trigger multiple pathological states. Thus, stressors can
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have multiple effects on individuals depending on the nature of the stressor and the
susceptibility of the individual.

The DA system demonstrates complex responses to stressors, and likely plays a major role
in adaptive and maladaptive responses particularly as they relate to motivation and
psychopathology. Stress is known to affect mesolimbic DA levels (Abercrombie et al., 1989;
Puglisi-Allegra et al., 1991; Finlay & Zigmond, 1997), although the direction of this effect is
controversial, with studies showing either enhancement or reduction in DA release (for
review see Cabib & Puglisi-Allegra, 2011). Moreover, different types of stressors appear to
have markedly different effects on DA neurons. Potent stressors such as restraint stress are
known to produce changes resembling a highly anxious state and have been associated with
increased DA system response (Antelman ef a/., 1980; Piazza & Le Moal, 1998; Pacchioni
et al., 2007). In contrast, exposure to inescapable mild stressors show decreased DA system
activity (Moore et al., 2001) and symptoms related more to depression (Morilak et al., 2005;
Kompagne et al., 2008). Indeed, the effects on chronic cold exposure (CCE) on rats (in
terms of levels of stress-related hormones) appear to resemble that of depressed patient
(Willner, 1995; Korte, 2001), whereas rats exposed to acute restraint exhibit stress-related
hormone levels comparable to that occurring with anxiety and post-traumatic stress
disorders (Yehuda & Antelman, 1993; Craig et al., 1995; Korte, 2001). Thus, these different
stressors produce markedly different effects in the brain as well as on the DA system. Of
course, whether the difference in effect is due to the severity of the stressor or the
inescapable nature (Cabib & Publisi-Allegra, 2011) is not known.

Nonetheless, how these stressors impact DA system physiology is not completely
understood. Thus, studies have shown that the VTA DA system does not respond uniformly
to stimuli, but can show medial-lateral differences that are proposed to relate to reward
versus stimulus response (Ikemoto, 2007; Lodge & Grace, 2011; Valenti et al., 2011).
Moreover, there is evidence that some types of stress can markedly alter responses to other
stressors; e.g., low levels of stress or controllable stressors have been reported to
“immunize” a system to subsequent stressors (Williams & Maier, 1977; Gresch et al., 1994;
Ortiz et al., 1996; Bhatnagar et al., 1998; Pardon et al., 2003; Dronjak et a/., 2004; Ma &
Morilak, 2005a; Belda et a/., 2008). Therefore, in this study we examined whether there was
a difference in the regional responsivity of VTA DA neurons to prolonged mild versus acute
stressors, and furthermore whether CCE produced an additive effect or an attenuation with
respect to DA system activity.

Materials and Methods

Subjects and materials

Upon arrival, 200-220g male Sprague-Dawley rats (Hilltop; Scottdale, PA) were pair-
housed in a colony room with controlled temperature (22 °C), humidity (47%), and 12-hour
light/dark cycle (lights on at 07:00 AM). All rats had ad /ibitum access to food (laboratory
rodent diet 5001; PMI Feeds, St. Louis, MO) and water. All experiments were performed in
accordance with the guidelines outlined in the USPHS Guide for the Care and Use of
Laboratory Animals, and were approved by the Institutional Animal Care and Use
Committee of the University of Pittsburgh.

All chemicals and reagents were obtained from Sigma-Aldrich, unless otherwise specified.

Stress protocols

After 5-7 days acclimation in the colony room, rats from the same cage were separated and
randomly assigned to control or stress groups, where stress consisted of inescapable
exposure to chronic cold, acute restraint, or a combination of the above. The two stressors
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were chosen based on their propensity to induce activation of the hypothalamic-adrenal-
cortical axis and heightened responses to stimuli (i.e., restraint stress) and an inescapable,
mild stressor to which the rats accommodate (CCE).

For the chronic cold experiments, control rats were single-housed in the colony room and
their cage-mates were prepared for cold stress by shaving the fur caudally from their
hindlimb to the neck, a procedure that potentiates the effectiveness of cold stress on the
catecholamine system while not preventing thermoregulatory adaptation (Fluharty et al.,
1985; Moore et al., 2001). Rats were then transferred to a cold room (4 °C) on a light cycle
similar to the colony room (12 hour cycle; lights on at 7AM), and housed singly in hanging
wire mesh cages for 14-17 days (Jedema et a/., 1999; Moore et al., 2001). Previous studies
indicate that during the first few days, rats exposed to chronic cold did not increase their
body weight to the same extent as their matched control (Folk, 1974; Jedema & Grace,
2003). However, adaptation to cold temperature occurred promptly and with continued
exposure to cold, the body weight normalized (Folk, 1974; Mana & Grace, 1997; Jedema et
al., 1999; Moore et al.,, 2001) and rats exhibited normal levels of spontaneous behavior (Van
Zoeren & Stricker, 1976; Moore ef al., 2001), body temperature and respiration (Moore et
al., 2001). At the termination of the 2 week cold exposure, rats were removed from the cold
room and transferred back to the colony room at ambient temperature, where they were
housed singly for 18-20 hours before being tested. However, if during cold exposure rats
showed any signs of distress, cold-induced injury or tissue damage they were immediately
excluded from the study.

A subgroup of CCE rats and controls were housed in the colony room for an extra 7 days
after removal from the cold room prior to single-unit extracellular recordings. In addition,
one day after cold removal, another subgroup of CCE rats (and controls) received a single
session of 2 hours restraint stress acute restraint (AR) in a custom-designed plexiglass tube
(Valenti et al., 2011).

At termination of each restraint session, rats were immediately prepared for
electrophysiology recording or behavioral testing (see below). All experimental procedure
occurred within 4-5 hours following restraint session, as previously described (Valenti et al.,
2011).

A total of 90 rats were used in this study. Given that the data obtained from match pairs of
untreated CCE rats for rat tested either 18-20 hours after or 7 days after cold removal were
not different, all data were combined. In order to limit the number of stress-exposed animals,
data from an additional 3 acute restraint rats from a previous study (Valenti et a/., 2011)
were combined with data from the current investigation.

Surgery and single-unit extracellular recording

Single-unit extracellular recordings were performed from rats anesthetized by intraperitoneal
(i.p.) injection of 8% chloral hydrate (400 mg/kg). The level of anesthesia was monitored for
the duration of the experiment by testing for footpinch withdrawal reflex, and maintained by
injection of supplemental doses of chloral hydrate as needed. Body temperature was
monitored via a rectal probe and maintained at 37° C by a thermostatically-controlled
heating pad (FHC; Bowdoinham, ME). Rats were placed in a stereotaxic apparatus (David
Kopf Instruments; Tujunga, CA), and an incision was made on the scalp to expose the skull.
A burr hole was drilled in the region overlying the VTA (in mm from bregma, AP: -5.3 to
=5.7, ML: —0.6 to 1) or medial prefrontal cortex (mPFC, AP: +2.9 to +3.4, ML: -0.6 tol)
(Paxinos & Watson, 1998). Omegadot glass microelectrode tubing (2mm o.d.; World
Precision Instruments; Sarasota, FL) was pulled using a Narishige PE-2 Vertical
Microelectrode Puller (Tokyo, Japan) and filled with 2M NaCl and 2% Pontamine Sky Blue
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dye, with /n situimpedance of 8-12MQ. The electrodes were lowered slowly into one of the
recording regions using a hydraulic microdrive (David Kopf Instruments, model 640;
Tujunga, CA). Neuronal activity was amplified and filtered (1000x gain, 100-4000 Hz band
pass; Fintronics Inc.; Orange, CT), and fed to an audio monitor (Grass Instruments, model
AMS; West Warwick, RI), an oscilloscope (BK Precision, model 2120; Yorba Linda, CA)
for real-time monitoring, and to a computer interface with custom-designed acquisition and
analysis software (Neuroscope; Brian Lowry, Pittsburgh, PA).

Recordings from the VTA were performed as previously described (Valenti & Grace, 2010;
Valenti et al., 2011). VTA DA neurons were distinguished from other VTA neurons using
open filter settings (low pass, 50 Hz; high pass 16 kHz) according to well-established
criteria, including their location, unique long-duration waveform with prominent negative
phase, and slow irregular firing rate (Grace & Bunney, 1983; Grace et al., 2007). The
baseline activity of each DA neuron encountered during the electrode penetrations was
recorded for 2—3 min to assess the baseline firing rate and percent of spikes fired in a burst
pattern (i.e., burst firing). The effects of restraint stress and/or chronic cold on VTA DA
neurons were assessed by recording the activity of all DA neurons encountered in either
control or stress rats. The recording electrode was passed through the VTA for 6-9 electrode
tracks in a predetermined grid-like pattern with each track separated by 0.2mm; recordings
proceeded from the medial to central to the lateral VTA (2-3 tracks in each location; Valenti
et al., 2011). Regions within the VTA were tentatively defined as medial, central and lateral
on the basis of anatomical data showing the relative distribution with regard to target
(Paxinos & Watson, 1998; Ikemoto, 2007). Antidromic activation was not carried out, since
repetitive stimulation of target areas would confound the measure of DA neuron activity that
was being assessed (Braszko ef al., 1981).

For each rat, 3 parameters were obtained: 1) the population activity, defined as the number
of spontaneously active VTA DA neurons encountered per electrode track; 2) average firing
rate and 3) average percent burst firing, obtained by averaging the values of firing rate and
percent of burst firing for each DA neuron recorded in each rat, respectively. Each
parameter was then averaged across all of the rats tested in each group.

In addition, recordings of single units from prelimbic and infralimbic pyramidal neurons
were conducted, as described previously (Valenti & Grace, 2009), to establish whether
chronic cold stress affected the activity of the mPFC. Neurons were classified as putative
pyramidal neurons if they exhibited firing frequencies < 5Hz and had spike durations of >
1.1 msec; this contrasted with the fast-spiking (FR> 10Hz), short spike duration putative
interneurons (Bartho ef a/., 2004). Cortical pyramidal neurons exhibit 2 modes of firing:
regular tonic firing and discrete burst firing (Connors & Gutnick, 1990; Baeg et al., 2001;
Laviolette ef al,, 2005). In order to sample all neuronal populations, searching for mPFC
neurons was done during stimulation of the BLA or entorhinal cortex; stimulation (0.1-0.8
mA; 0.5 Hz; 0.25msec duration) was delivered during electrode penetration using a Grass
Instrument S88 stimulator connected to a NEX-100 bipolar concentric electrode (Rhodes
Medical Instrument Inc.; Summerland, CA). However, all neurons encountered (and thus
recorded) during the electrode tracks were spontaneously active and not activated by
stimulation. Upon identification of a pyramidal neuron fitting the above criteria, 3 min of
baseline activity was recorded to assess firing rates and percent of burst firing in control and
CCE rats.

At the cessation of single-unit recording, the electrode sites were marked via electrophoretic
ejection of Pontamine sky blue dye from the tip of the recording electrodes (~ —20pA
constant current for 20-30min; Fintronics Inc., bipolar constant current source). The rats
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were overdosed with anesthetic, and the brains removed and placed in 8% w/v
paraformaldehyde in PBS for a minimum of 48 hours. Rat brains were then transferred to
25% wiv sucrose in PBS until saturated and were cut into 60um coronal sections. Each slice
was then mounted onto gelatin-chrom alum-coated slides, and stained with cresy! violet for
histochemical verification of electrode location.

Behavioral response following psychostimulant administration

Psychostimulant-induced changes in locomotor responses of chronic cold rats or chronic
cold + restraint rats were examined as previously described (Valenti et al., 2011). All tests
were performed during the light phase of the diurnal cycle, to match the time of the
electrophysiology recordings, on subjects randomly segregated into groups of 4: controls,
chronic cold rats, acute restraint rats, and chronic cold + acute restraint rats. Rats that
received acute restraint were housed in the same room in which restraint was induced for an
additional 2 hours (Valenti et al.,, 2011), and were then transported to a different room for
behavioral testing. Four rats were placed in 4 separate open-field arenas (Coulbourn
Instruments Inc.; Whitehall, PA) where locomotor activity in the X-Y plane was assessed by
automatic measurement of beam breaks. Baseline locomotor activity was recorded for 30
minutes; at that time, all rats were injected with 0.5mg/kg D-amphetamine (i.p.) and
recording continued for an additional 120 minutes.

Data analysis and statistics

Results

Data from single-unit extracellular recordings were analyzed off-line using the Neuroscope
data analysis package (Brian Lowry, Pittsburgh, PA). Burst firing of VTA DA neurons was
defined as the occurrence of 2 spikes with an interspike interval (ISI) of < 80ms indicating
the initiation of a burst, and subsequent 2 spikes with an ISI > 160ms signaling burst
termination (Grace & Bunney, 1984). Burst firing for mPFC pyramidal neurons was defined
by the occurrence of spikes with an ISI < 45 ms (Laviolette ef a/,, 2005). Locomotor activity
data were acquired and analyzed on-line with TruScan Software (Coulbourn Instruments
Inc.; Whitehall, PA). The effects of stress were evaluated for statistical significance with
SigmaStat 3.1 (Systat Software Inc.; San Jose, CA) or MATLAB (The MathWorks Inc.;
Natick, MA) software. One- or two-way ANOVA followed by Holm-Sidak method for All
Pairwise Multiple Comparison Procedures or Kruskal-Wallis one-way ANOVA on Ranks
followed by Dunn’s method (whenever the Shapiro-Wilks normality test on distribution
failed) were employed to evaluate the effects of stress on neuronal activity. Two-sample
Kolmogorov-Smirnov tests were performed to analyze whether stress affects the distribution
of percent burst firing. The effects of stress on locomotor activity and the changes induced
by amphetamine administration were evaluated by three-way ANOVA, with manipulation
(controls vsstress), treatment (baseline vsamphetamine) and time as factors. Statistics on
locomotor experiment were run comparing all 4 groups; however, figure displays raw data
comparing only CTRL vs CCE (figure 3A) and CCE vs CCE + AR (figure 3A)

When results from VTA or PFC recordings are presented for the first time, actual data
(expressed as mean + SEM), the number of rats and the number of DA neurons recorded are
indicated, data for the same group are then omitted unless different.

Exposure to chronic cold induced a long-lasting decrease in DA neuron population activity

Rats were randomly assigned to either control or chronic cold groups, and the effect of stress
on DA neuron activity was assessed. In control rats, the number of spontaneously active DA
neurons encountered per electrode track was 1.1 £ 0.1 (n= 9 rats, 85 DA neurons), which is
consistent with our previous studies (Valenti & Grace, 2010; Valenti et al., 2011). Two-
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week exposure to cold significantly reduced population activity by 46% to 0.5 £ 0.03
neurons/track (n= 6 rats, 27 DA neurons; CTRL vs CCE: one-way ANOVA, F( 20)= 16.9,
P< 0.001; Figure 1A), which is consistent with our previous report (Moore et al., 2001). To
investigate whether chronic cold induced persistent changes in VTA DA neuron activity,
following cold exposure a subgroup of CCE rats was housed in the ambient-temperature
colony for an extra 7 days. In these rats, the number of spontaneously active DA neurons
remained significantly reduced when compared to controls (15.1% below controls; CTRL vs
7d post CCE: 0.8 £ 0.1, n= 8 rats, 57 DA neurons; one-way ANOVA, F(; 70)= 16.9, P<
0.001; Figure 1A), nevertheless the population activity was significantly higher than
observed in CCE rats tested 18-20 hours after removal from cold (CCE vs 7d post CCE:
one-way ANOVA, F(2 70)= 16.9, P< 0.001; Figure 1A). We reported previously that
different stressors can exert differential effects on DA neuron population activity depending
on the relative location of the neurons within the VTA (Valenti et a/,, 2011). Thus, we
further examined whether the effects of CCE were dependent on the location of the DA
neurons across the medial-lateral extent of the VTA. We found that the CCE-induced
decrease in population activity occurred primarily in the DA neurons located either in the
medial (CTRL= 1.3 £ 0.2, n= 34 DA neurons; CCE= 0.7 £ 0.1, n= 12 DA neurons; one-way
ANOVA, F(;20)= 3.82, P=0.039; Figure 1B) or in the central (CTRL= 1.1+ 0.1, n=29 DA
neurons; CCE= 0.4 £ 0.1, n= 8 DA neurons; one-way ANOVA, F(; 209)= 4.51, P=0.024;
Figure 1B) part of the VTA for rats tested on the day after cold removal. However, no
difference was observed in the lateral part of the VTA (one-way ANOVA, P=0.939; Figure
1B). In contrast, DA neurons recorded from rats tested 7 days after CCE did not exhibited
differences in activity in any of the 3 locations examined, when either compared to control
or to CCE tested on the following day (CTRL vs 7d post CCE, one-way ANOVA: medial,
P=0.20; central, P= 0.953; lateral, P=0.939; CCE vs7d post CCE, one-way ANOVA:
medial, P= 1.00; central, P= 0.180; lateral, P= 0.939; Figure 1B).

Chronic exposure to cold did not significantly affect DA neuron average firing rate (CTRL:
4.0 £ 0.3Hz, n=9 rats; CCE: 3.3 = 0.6Hz, n= 6 rats one-way ANOVA, P=0.2828; Figure
1C) or burst firing (CTRL: 23.7 £ 3.2%, n= 9 rats; CCE: 23.3 + 2.9%, n= 6 rats; one-way
ANOVA, P=0.2935; Figure 1D) at either post-exposure time point. Moreover, there was no
difference in the distribution of percent spikes in bursts for neurons recorded in either
exposure group when compared to control (18-20 hours: two-sample Kolmogorov-Smirnov
test, P=0.5044; 7 days: two-sample Kolmogorov-Smirnov test, P= 0.3875).

Thus, these data suggest that a maintained inescapable mild stressor, i.e. a 2 week chronic
exposure to cold, produced prominent changes in VTA DA neuron population activity,
which were still present in an attenuated fashion a week after cold removal. Moreover,
similar to the effects observed with repetitive footshock (Valenti et a/., 2011), chronic cold
stress affected VTA DA neuron spontaneous activity differentially depending on the
location within the VTA.

Chronic cold exposure did not alter mPFC pyramidal neuron activity

The PFC is a region known to regulate stress responses subcortically (Abercrombie et al.,
1989; Finlay et al., 1995; Cabib & Puglisi-Allegra, 1996), and recent studies suggested that
mPFC attenuates stress responses following a controllable stressor (Amat et al., 2008). Thus,
the effects of CCE on mPFC pyramidal neurons were examined. In control rats, putative
pyramidal neurons exhibited an average firing rate of 1.1 + 0.2Hz (n= 7 rats, 34 neurons).
Two weeks of exposure to cold did not significantly alter pyramidal neuron firing rate
(CCE: 0.9 £ 0.1Hz, n= 7 rats, 26 neurons; Kruskal-Wallis one-way ANOVA on Ranks, P=
0.704). In addition, chronic cold stress did not change mPFC pyramidal neuron percent burst
firing (CTRL: 41.5 + 3.0%, CCE: 40.0 £ 4.4%; one-way ANOVA, P=0.769) or the average
interspike interval (CTRL: 16.6 + 1 msec, CCE: 16.6 + 1 msec; Kruskal-Wallis one-way
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ANOVA on Ranks, P=0.820). Thus, cold stress did not affect any of the parameters of
mPFC pyramidal neuron activity measured.

Previous exposure to chronic cold prevented the acute restraint-induced increase in VTA
DA neuron population activity

We have shown that restraint stress, given either acutely or repeatedly, increased DA neuron
population activity (Valenti et al,, 2011). Thus, the effect of restraint on DA neuron activity
of untreated rats was opposite in direction from that found following chronic cold (Figure 1).
Therefore, we examined whether the previous exposure to chronic cold affected the
restraint-induced increase in VTA DA neuron population activity or restraint-induced
amphetamine cross-sensitization of locomotor activity. A two-way ANOVA was applied to
examine the effects of CCE, AR and the interaction between CCE and AR, followed by
Holm-Sidak method for multiple comparisons (source of variation: CCE, F(y 26)= 99.3, P<
0.001; AR, F(1,26)= 62.9, P< 0.001; CCE X AR, F(1,1 26)= 7.01, P= 0.0136). Thus, an acute
restraint stress session induced a pronounced activation of VTA DA neuron population
activity (CTRL vs AR: 1.9 £ 0.1, n= 8 rats, 135 DA neurons; two-way ANOVA, F(1 76)=
99.3, P< 0.001; Figure 2A), as previously reported (Valenti et al,, 2011). Acute restraint
stress also increased DA neuron population activity in rats pre-exposed to chronic cold
compared to CCE alone, restoring the CCE-induced decrease in population activity toward
control levels (CCE vs CCE + AR: 0.9 + 0.1, n=7 rats, n= 54 DA neurons; two-way
ANOVA, F(126)= 99.3, P< 0.001; Figure 2A). However, the restraint-induced increase in
DA neuron population activity observed in CCE rats was by far less pronounced than in AR
alone (AR vs CCE + AR: two-way ANOVA, F(; 6)= 62.9, P< 0.001; Figure 2A). In
addition, there was a significant interaction among groups (CCE x AR: two-way ANOVA,
F@,1,26= 7.01, P=0.0136). Thus, pre-exposure to chronic cold appeared to protect the DA
system from the effects of acute restraint stress.

In examining the location of VTA DA neuron population change within the VTA, there
were marked differences observed following the stress protocol. Thus, acute restraint
increased DA neuron firing across medial, central, and lateral portions of the VTA (CTRL
vs AR, two-way ANOVA: medial, F(; »1)= 4.5, P=0.045; central, F(; »1)= 50.4, P< 0.001;
lateral, F(1 21)= 8.1, P=0.012; Figure 2B), whereas chronic cold decreased population
activity primarily in the medial and central VTA (Figure 1B and 2B). In CCE animals
subsequently exposed to acute restraint, the increase in medial VTA DA neuron firing
remained (AR: 1.9 £ 0.2, n= 8 rats, 45 DA neurons; CCE + AR: 1.6 £ 0.1, n=7 rats, 33 DA
neurons; two-way ANOVA, P=0.258), which corresponded to a 135.1% increase from CCE
alone (CCE vsCCE + AR; two-way ANOVA, F(; »1y= 13.4, P= 0.0014; Figure 2B). In
contrast, previous exposure to chronic cold prevented the prominent increase induced by
restraint stress in central (AR: 1.8 £ 0.1, n= 8 rats, 44 DA neurons; CCE + AR: 0.5+ 0.1, n=
7 rats, 11 DA neurons; two-way ANOVA, F(1 >1y= 50.4, P< 0.001) and lateral VTA (AR: 1.9
+ 0.3, n="7 rats, 40 DA neurons; CCE + AR: 0.7 £ 0.1, n= 5 rats, 10 DA neurons; two-way
ANOVA, F(q 15)= 8.15, P= 0.012) with population activity being not significantly different
from that observed following CCE alone (CCE vs CCE + AR: two-way ANOVA, central,
P=0.658; lateral, P= 0.659; Figure 2B). In addition, a significant interaction was observed
between the effects of cold and restraint stress only for DA neurons located in central VTA
(two-way ANOVA, F1 1,21)= 8.24, P=0.0092). Therefore, CCE attenuated the ability of
restraint stress to increase VTA neuron activity in regions of the VTA that project to more
associative regions of the striatum, without affecting the increase in the reward-related
medial VTA regions (Ikemoto, 2007; Lodge & Grace, 2011; Valenti et al., 2011).

No significant change in either average firing rate (for CTRL and CCE see above; AR: 4.3 £

0.2Hz, n= 8 rats; CCE + AR: 3.8 + 0.1Hz, n= 7 rats; two-way ANOVA, source of variation,
CCE: P=0.0841; AR, P=0.2742) or average percent burst firing (for CTRL and CCE see
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above; AR: 35.3 £ 4.1%, n=7 rats; CCE + AR: 22.8 £ 4.4%, n=7 rats; two-way ANOVA,
source of variation, CCE: P= 0.0995; AR: P=0.1526; Figure 2C) was observed in any of the
groups tested or when the interaction of the effect of the 2 stress protocols was examined
(FR: two-way ANOVA, P= 0.8404; %B: two-way ANOVA, P=0.1216). Given that acute
restraint was shown to increase the average percent of burst firing in control rats (Valenti ef
al., 2011), we examined whether pre-exposure to chronic cold also prevented the restraint-
induced increase in burst firing observed in untreated rats (Figure 2C). Further analysis
revealed that pre-exposure to cold stress altered the distribution in percent burst firing, with
many more neurons showing low levels of burst discharge following chronic cold + acute
restraint (AR vs CCE + AR; two-sample Kolmogorov-Smirnov test, P= 0.0424; Figure 2D).

Effects of chronic exposure to cold on amphetamine-induced locomotor activity

Previous studies from our laboratory suggest that the increased level of VTA DA neuron
population activity correlates with the increased locomotor response to amphetamine (Lodge
& Grace, 2008; Valenti et al., 2011). Given that CCE induced a pronounced reduction of DA
neuron population activity, and that CCE attenuates the electrophysiological response to
restraint stress, this relationship was examined behaviorally. Thus, both spontaneous and
amphetamine-induced locomotor activity was recorded in 4 groups of rats: control, chronic
cold rats, restraint rats, chronic cold + restraint rats. Baseline locomotor activity was
recorded for 30 min and measured in separated open-field arenas (Coulborne Instruments).
Rats were then removed from the arenas and injected i.p. with 0.5 mg/kg amphetamine. A
three-way ANOVA was applied to analyze the effects of CCE, AR, time or their
interactions, and all groups were compared (source of variation: CCE: F(; ges)= 4.275, P=
0.039; AR: F(1,864)= 1.485, P=0.223; time: F(23 ge4)= 12.962, P< 0.001; for interactions:
CCE x AR: F(1,1,864)= 0.905, P= 0.342; CCE x time, F (1,23 ge4)= 0.47, P=0.985; AR x time,
F(l,23,864): 3.137, P< 0.001; CCE x AR x time, F(1,1,23,864): 0.426, P=0.992). In addition, a
pairwise multiple comparison procedure (Holm-Sidak method) was applied following the
ANOVA to compare these factors. Thus, administration of amphetamine to CCE rats
induced a rapid and transient increase in locomotor activation compared to matched controls
for the first 5 min from drug administration (CTRL, n= 8 rats vs CCE, n= 9 rats; three-way
ANOVA, P=0.040; Figure 3); however, locomotor activity of CCE rats was slightly but not
significantly lower than that of controls in the subsequent time points. Consistent with our
previous study (Valenti ez al., 2011), 0.5 mg/kg amphetamine induced a pronounced
increase in locomotor activity of AR rats compared to controls during the first 15 min post-
drug (CTRL, n= 8 rats; vs AR, n= 12 rats; three-way ANOVA, 35min: P< 0.001; 40min: P=
0.042; 45min: P=0.003; 50min: P=0.026). In contrast, in rats that received acute restraint
on the day after cold removal, chronic cold stress failed to affect significantly the acute
restraint-induced increase in the locomotor response to amphetamine (AR, n=12 rats vs CCE
+AR n= 11 rats; three-way ANOVA, P= 0.374; Figure 3B).

Thus, the decrease in DA neuron population activity observed in the CCE rats was not found
to correlate with a decrease in the amplitude of amphetamine-induced locomotion.
Moreover, 2 weeks continuous exposure to cold attenuated the restraint stress-induced
increase in DA neuron population activity but did not affect restraint-induced behavioral
activation to amphetamine.

Discussion

Stressors are known to induce plastic changes in neuronal systems; however, the nature of
the stressor will influence the type of homeostatic changes induced. In this study, we used
two types of stressors; a long-term exposure to cold, and an acute restraint stressor, which
had been found previously to exert opposite actions with respect to DA neuron activity

(Moore et al., 2001; Valenti et al.,, 2011). Specifically, we examined whether pre-exposure
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to one stressor, CCE, was additive or antagonistic with AR with respect to DA neuron firing
or amphetamine-stimulated behavior. We found that CCE and AR affected DA neuron
population activity in opposite directions. Moreover, previous CCE potently attenuated the
ability of AR to activate DA neurons. In addition, a novel and potentially exciting finding is
that each stressor produced regionally-specific actions within the medial-lateral extent of the
VTA. However, there was a dissociation between DA neuron population activity and
amphetamine-induced locomotion in the CCE and CCE+AR rats. The source of this
difference is unclear, since treatments that increase DA neuron population activity
consistently increase amphetamine-induced locomotion. There are several possibilities:
First, it may be that with CCE there are other systems activated that may counteract the
effects of CCE-induced decreases in population activity in the accumbens. Secondly, given
that the amphetamine locomotor studies were performed in the awake animal and the
electrophysiology in the anesthetized animal, the anesthesia may have suppressed some of
these CCE activated compensatory systems. Although chloral hydrate has been shown
repeatedly to have limited effect on DA neuron electrophysiology when compared to the
awake animal (Hyland et a/., 2002), further studies comparing release after CCE in awake
versus anesthetized rats will be required to fully evaluate this effect.

The differences in response to AR vs CCE were not due simply to the long-term nature of
the stressor, since we found previously that repeated restraint for 10 days produced a similar
activation of DA neuron population activity, although the results were somewhat more
variable (Valenti et al., 2011). Instead, we believe that the long-term, inescapable milder
stressor produced an adaptation of the DA system in a way that attenuated its response to
subsequent challenge. This raises the issue as to what characteristic of the two stressors is
particularly relevant to the DA response observed. One dimension relates to the relative
intensity of the stressor. Thus, restraint stress increases the level of ACTH and CRH during
delivery, and these effects continue until stress termination (Dallman et a/., 1987; Vahl et al.,
2005). Restraint or immobilization also significantly increases the level of plasma
catecholamines (Eliason, 1984; Kvetnansky et a/., 1992) and tyrosine hydroxylase
(Kvetnansky ef al., 1970; McMahon et al., 1992). Moreover, restraint was found to increase
in DA neuron activity (Valenti et al., 2011), and this activation of the DA system does not
accommodate following a week of repeated restraint (Valenti ef a/., 2011). In contrast, 6
hours cold exposure have been found to increase plasma levels of noradrenaline that
stabilized when cold exposure was prolonged for several days (Benedict et al., 1979). In
addition, numerous studies show that following 2 weeks of CCE stress there was no
significant change in the level of adrenocorticotropin (ACTH), corticotrophin releasing
hormone (CRH) or corticosterone in rats (Armario et al., 1986; Hauger et al., 1990;
Bhatnagar et al., 1995) and decreased DA neuron activity (Moore ef a/., 2001), despite a
sensitization in the noradrenergic system in rats (Gresch et al., 1994; Finlay et al., 1995;
Jedema et al., 1999; Pardon et al., 2003). Indeed, restraint stress has been used as a model of
anxiety disorder (Padovan & Guimaraes, 2000; Vahl et al., 2005), whereas chronic mild,
inescapable stressors have been used as a model of depression (Willner, 2005). Taken
together, these data indicate that CCE can be considered a comparatively “mild” inescapable
stressor in that rats rapidly adapt during exposure, as contrasted with the more potent
anxiogenic response to restraint stress. On the other hand, it has been argued (Cabib &
Pugilisi-Allegra, 2004, 2011) that the relevant dimension in determining the dopaminergic
impact of a stressor is escapability. Thus, two types of stressors can be interpreted two ways
- either mild stressors lead to decreased DA and strong stressors activate the DA system, or
that chronic inescapable stressors lead to decreased and acute stressors lead to increased DA
activity (cf. Cabib & Puglisi-Allegra, 2011). While our data is somewhat consistent with
both interpretations, the fact that repeated restraint stress still leads to increased DA neuron
activity, and that restraint is also an inescapable (though more acute or repeated) stressor
suggests that, at least as far as DA neuron firing, it is the perceived strength of the stressor

Eur J Neurosci. Author manuscript; available in PMC 2013 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Valenti et al.

Page 10

and not the chronicity or escapability that is important. However, the situation when
measuring extracellular DA levels in postsynaptic targets (see Cabib & Puglisi-Allegra,
2011 for review) may not be equivalent to what is observed with respect to DA neuron
activity.

The finding that prior CCE attenuates the subsequent response to AR stress on DA neuron
activity is of potential relevance with respect to the resiliency of the system to alterations.
Such an effect has been referred to as a stress “immunization,” or a protective influence of a
prior mild stressor (Williams & Maier, 1977; Gresch et al., 1994; Ortiz et al., 1996;
Bhatnagar & Dallman, 1998; Bhatnagar et al., 1998; Mizoguchi et a/., 2000; Pardon et al.,
2003; Dronjak et al., 2004; Ma & Morilak, 2005a; Belda et a/., 2008). On the other hand,
rather than being protective, the attenuation of restraint stress-induced activation by CCE
may instead reflect a resistance to homeostatic DA system activation. If the latter is indeed
the case, then CCE-induced prevention of DA system activation could actually prevent the
adaptive increase in DA neuron firing rather than protecting the system from further stress-
induced pathology. To differentiate these outcomes, further studies involving other measures
of stress are likely required, and are currently under way.

A novel finding is that, unlike AR, the impact of CCE on the medial-lateral distribution of
DA neurons in the VTA was not uniform. Thus, AR induced an increase in DA neuron
population activity in the medial, central, and lateral VTA. In contrast, CCE produced a
potent decrease in DA neuron population activity in the medial and central VTA. We had
shown previously that changes in population activity correspond to the amplitude of the DA
response to inputs that drive burst firing (Lodge & Grace, 2006), with burst firing shown to
be a correlate of exposure to reward-related stimuli (Schultz et a/., 1997). Each neuron
recorded was not identified by antidromic activation, since stimulation of the target site is
known to alter DA neuron properties (Braszko et al., 1981; Floresco et al., 2001a).
Nonetheless, anatomical data show that the substantial majority of medial VTA DA neurons
project selectively to the reward-related ventromedial striatum (Ikemoto, 2007); therefore,
the decrease in medial VTA DA neuron activity with CCE is consistent with an anhedonic
response. This is also consistent with the region of the VTA that is activated following
amphetamine sensitization (Lodge & Grace, 2011), which is associated with increased
reward-related behaviors (White & Wang, 1984; Henry et al., 1989; Kalivas & Stewart,
1991). Indeed, the inescapable nature and long-term impact of CCE are similar in nature to
inescapable stressors known to induce depressive-like states in rats (Williams & Maier,
1977; Gresch et al., 1994; Finlay et al., 1995; Ortiz et al., 1996). This is in marked contrast
to the impact of AR on DA neuron activity, in which there is a pronounced increase in
population activity across the medial-lateral extent of the VTA. In contrast to the medial
VTA reward-related projections, the central and lateral VTA project to more dorsolateral
areas of the ventral striatum/nucleus accumbens, which are areas known to play a larger role
in stimulus salience (Ikemoto, 2007). Such an activation is likely related to a heightened
state of responsivity, such as that associated with stress-induced anxiety or post-traumatic
stress disorder (Yehuda & Antelman, 1993; Craig et al., 1995), rather than depression
(Willner, 1995). This activation within lateral VTA would thus be consistent with a
heightened response to sensory stimuli. Indeed, these lateral areas correspond to the regions
of the VTA that are preferentially activated in a rodent developmental disruption model of
psychosis (Lodge & Grace, 2011). Furthemore, the medial-lateral differences with respect to
reward and salience are in line with a recent report of posteriorly located VTA neurons
recorded in vitro (Lammel et al., 2011).

An important finding of this study was the ability of CCE to attenuate the sensitization of
the DA system produced by AR. Thus, prior CCE attenuated the AR-induced increase in DA
neuron population activity but not the sensitized locomotor response to amphetamine.
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Interestingly, the CCE-induced attenuation was most evident in the more lateral VTA
regions, and not in the medial VTA. This would be consistent with a protective effect of
CCE on the psychotogenic actions of stress, but not on the reward-related aspects, which
remain closer to control levels following CCE + AR. In our previous study (Valenti et al,
2011), we found that AR-induced activation of VTA DA neuron population activity was
dependent on the VHPC, since AR induced c-fos expression in the vHPC, and moreover
inactivation of the ventral hippocampus (VHPC) attenuated the AR-induced increase in DA
neuron population activity and locomotor sensitization to amphetamine. However, the vHPC
is not likely to play a role in CCE-induced decreases in DA neuron population activity, since
even total inactivation of the vHPC fails to decrease this parameter in control rats (Lodge &
Grace, 2007). The fact that CCE also attenuated AR-induced increases in burst firing, that
does not involve ventral subiculum-nucleus accumbens-ventral pallidum pathway, is further
evidence for another region to be involved. One area that is known to regulate subcortical
stress-related responses is the PFC, since inactivation of the PFC increases subcortical DA
release (Finlay et al., 1995) and behavioral (Deutch et a/.,, 1990; Deutch & Roth, 1990;
Carlson et al., 1996) and neurochemical (Cabib & Puglisi-Allegra, 2004) response to
stressors, and the PFC has been shown to attenuate stress responses following a controllable
stressor (Amat et al., 2008). However, our findings suggest that the PFC may not be
involved directly, since there was no observed change in pyramidal neuron activity in this
region.

The mechanism underlying the adaptive effects of CCE on the DA system is not clear.
However, our previous studies have shown that CCE will cause multiple changes within the
noradrenergic system and the BLA. Thus, CCE was found to cause noradrenergic locus
coeruleus neurons to be hyper-responsive to stimuli, ranging from membrane depolarization
(Jedema & Grace, 2003) to noxious stimulation (Mana & Grace, 1997; Jedema et al., 1999;
Jedema & Grace, 2004). Moreover, following CCE, the response of the BLA to NE was
found to shift from a balanced alpha-adrenergic inhibition and beta-adrenergic excitation to
one in which noradrenaline produced a predominantly excitatory effect (Buffalari & Grace,
2007). Although CCE attenuated DA system activity, it did cause a sensitization of the
noradrenergic-amygdala system. We have recently found that blockade of NE beta receptors
in the BLA can attenuate post-stress-induced inhibition of the DA system (Chang & Grace,
2011), supporting a role for NE in the BLA in attenuation of DA neuron activity. Moreover,
studies by Morilak and colleagues have shown that the adaptive response of the
noradrenergic system to cold exposure can attenuate activation to a subsequent acute stress
(Pardon et al., 2003; Ma & Morilak, 2005a; b; Morilak ef a/., 2005). Therefore, it is possible
that the noradrenergic system also plays a role in the stress immunization (Williams &
Maier, 1977) following CCE observed here. However, the site of the CCE-induced
attenuation in DA neuron responsivity is not yet known.

In conclusion, these studies show that a prolonged mild stressor that is known to sensitize
the NE system to stressors actually attenuates the DA system response to acute stress. The
fact that the attenuation occurs primarily in regions associated with animal models of
psychosis rather than reward suggests that CCE produces an immunization of the DA system
to the most deleterious effects of acute stress. Thus, all stressors are not equal in their impact
on the brain; instead, the nature of the stressor can have dramatically different impacts on
the DA system. Such responses highlight the differential nature of responses to stressors, be
they adaptive or pathological.
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Figure 1. Chronic exposureto cold induced a persistent decreasein the number of spontaneously
active VTA DA neurons

A) Exposure to cold stress for 14-17 days induced a pronounced reduction in the number of
spontaneously active VTA DA neurons (population activity; black bar) compared to controls
(white bar). This attenuation in population activity persisted when examined 7 days
following removal from cold exposure (7d post CCE, hatched bar) (* one-way ANOVA, P<
0.05; see text for details). B) Chronic cold selectively decreased the number of
spontaneously active DA neurons located in the medial (M) and central (C) but not in lateral
(L) VTA of rats tested at 18-20 hours after chronic cold exposure (black squares) compared
to controls (white circles) (* CTRL vs CCE: one-way ANOVA, medial, P= 0.039; central,
P=0.024). In rats tested 7 days post CCE there was no significant change in the DA neuron
population located in any subdivision of the VTA (black diamonds). No significant changes
were observed either in average firing rate (C) or in average percent of burst firing (D).
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Figure 2. Chronic exposureto cold prevented the acute restraint-induced increasein VTA DA
neuron population activity and burst firing

A) Acute restraint (grey bar) induced a marked increase in DA neuron population activity in
untreated rats (white bar). Two week pre-exposure to cold stress attenuated the acute
restraint-induced increase in DA neuron population activity (CCE, black bar; CCE + AR,
hatched bar) (* two-way ANOVA, source of variation: CCE, F(; 26)= 99.3, P< 0.001; AR,
F(1,26)= 62.9, P< 0.001; CCE X AR, F(1,1,26)= 7.01, P= 0.0136; see text for details). B) In
CCE rats, restraint (black and white squares) induced a prominent increase in population
activity in DA neurons located in the medial VTA (M), similar to the effect induced in rats
that received only restraint (grey triangles) (f CCE vsCCE + AR: two-way ANOVA, source
of variation: CCE, F(1 21)= 4.52, P= 0.046; F(1 21)= 13.45, AR=0.001; CCE X AR, F(1,1 21)=
0.45, P=0.510). However, the increase in population activity in the central (C) and lateral
(L) VTA was strongly attenuated compared to acute restraint, and did not differ from control
levels (CCE, black diamonds) (* AR vs CCE +AR,; central, two-way ANOVA, source of
variation: F(1 p1y= 50.42, CCE, P< 0.001; AR, F(1 21)= 12.07, P= 0.002; CCE X AR, F(1 21)=
8.24, P=0.009; lateral, two-way ANOVA, source of variation: CCE, F(; 15= 8.15, P=0.012;
AR, F(1,15= 1.39, P=0.256; CCE X AR, F(1 1.15= 3.27, P= 0.091). C) Previous exposure to
cold prevented the restraint-induced increase in percent burst firing (hatched bar) compared
to restraint alone (grey bar) (control, white bars; CCE, black bar). D) The distribution of
percent burst firing across neurons recorded revealed a significant leftward shift in percent
burst firing when CCE preceded the acute restraint (AR, dark grey bars, CCE + AR, light
grey bars). Two-way Kolmogorov-Smirnov test: 1, P< 0.05 (see results for details)
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Figure 3. Effects of exposureto chronic cold on amphetamine administration-induced incr ease of
locomotor activity

A) Time course of locomotor activity before and after i.p injection of 0.5 mg/kg
amphetamine (vertical line) to CCE rats (black diamonds) and matched controls (open
circles), measured as distance travelled in cm.

B) Chronic cold exposure failed to significantly affect the locomotor response to
amphetamine administration (vertical line) to rats that received restraint stress (AR, grey
triangles; CCE + AR, black and white squares).

Three-way ANOVA, source of variation: CCE: F(; gg4)= 4.275, P= 0.039; AR: F(1 864)=
1.485, P=0.223; time: F(23 gs4)= 12.962, P< 0.001; for interactions: CCE X AR: F(1 1 g64)=
0.905, P=0,342; CCE x time, F(1,23,864): 0.47, P=0.985; AR x time, F(1,23,864): 3.137, P<
0.001; CCE x AR x time, F(y 1,23 ge4)= 0.426, P= 0.992
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