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Abstract

Background—Major depressive disorder (MDD) affects more than 15% of the population

across their lifespan. In this study, we used the well-characterized unpredictable chronic mild

stress (CMS) model of depression to examine this condition.

Methods—Sprague-Dawley rats were presented randomly with mild stressors for four weeks,

with body weight and sucrose intake monitored weekly. Locomotor activity and elevated plus

maze test/forced swim test were conducted on week 5; ventral tegmental area (VTA) dopamine

(DA) neuron activity was assessed within a week after the behavioral test using three indices: DA

neuron population activity (defined as the number of spontaneously firing DA neurons), mean

firing rate, and percent burst firing (i.e., the proportion of action potentials occurring in bursts).

Results—Consistent with previous studies, we found that, compared to controls, rats that

underwent the CMS procedure were slower in gaining body weight, and developed anxiety- and

despair-like behavior. We now report a significant decrease in DA neuron population activity of

CMS rats, and this decrease is restored by pharmacologically attenuating the activity of either the

basolateral nucleus of the amygdala (BLA), or the ventral pallidum (VP). Moreover,

pharmacological activation of the amygdala in non-stressed rats decreases DA neuron population

activity similar to that with CMS, which is reversed by blocking the BLA-VP pathway.

Conclusions—The CMS rat depression model is associated with a BLA-VP-VTA inhibition of

DA neuron activity. This information can provide insight into the circuitry underlying MDD and

serve as a template for refining therapeutic approaches to this disorder.
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Introduction

Major depressive disorder (MDD) is a complex disorder involving anhedonia, anxiety, and

behavioral despair, each of which is associated with alterations in the dopamine (DA)

system (1-7). Nonetheless, evidence implicating the DA system in MDD is only recently

emerging (8-10). In addition, the basolateral nucleus of the amygdala (BLA) shows

increased volume (11-13) and hyper-responsiveness to stress and aversive emotional stimuli

(14, 15) in MDD. Previously, we demonstrated that acute restraint stress induced a delayed

decrease in DA system responsivity that is reversed by pharmacologically attenuating BLA

activity (16). Together, these data suggest that the BLA may be involved in a diminished

VTA DA neuron response in MDD.

The unpredictable chronic mild stress (CMS) procedure is a validated animal model of

human depression (17). Physical and psychological mild stressors in this procedure induce

anxiety-, despair-, and anhedonia-like behaviors in rodents. We used the CMS procedure to

study the changes in VTA DA responsivity under depression. We propose that the CMS-

induced decrease in VTA DA activity is mediated via the BLA-ventral pallidum (VP)-VTA

pathway, given that the BLA projects to the VP (18) and the VP potently inhibits VTA DA

neuron population activity (19).

Methods and materials

Subjects and materials

Male Sprague-Dawley rats (300-400g; Harlan Laboratories) were housed for at least five

days in pairs in a temperature (22°C)- and humidity (47%)-controlled facility upon arrival

on a 12 h light/dark cycle (lights on at 7:00 a.m.) with food and water available ad libitum.

Animals were handled in accordance with the guidelines outlined in the United States Public

Health Service 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.

Unpredictable chronic mild stress (CMS) procedure

All rats that underwent the CMS procedure were single housed. Stressors were randomly

presented each week (3-4 per week depending on the week) over four weeks (20, 21)

(Figure 1). The stressors included food deprivation, water deprivation followed by 1-hr of

empty bottle presentation, overnight illumination, homecage tilting, damp bedding, foreign

intruder, strobe light illumination, and presentation of predator odor. Age and body weight

matched control rats were housed in pairs over the equivalent period of time, except a

subgroup that were single housed in order to sample individual intake of sucrose solution.
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Behavioral assays

Body weight (BW) and sucrose preference test (SP)—Rats acclimated for five days

were presented with two drinking bottles, one with 1% sucrose solution and one with water

(22). Body weight and percentage of 1% sucrose solution intake over 24 hrs (9 a.m. to 9

a.m. the next day) were set as baseline (BL; Day 0), and rats were divided into two matched

groups: One subjected to CMS procedure (CMS), and one control (CON). Two drinking

bottles were present at all times with the position alternated daily. At the end of each week

(Days 7, 14, 21, 28), the percentage of 1% sucrose solution intake over 24 hrs was sampled,

and body weight was measured.

Locomotor activity—General locomotor activity indexed as the total distance traveled

(cm) was measured (Day 31; 9 a.m. to 12 p.m.) by placing the rat into an open-field arena

(Coulbourn Instruments). Spontaneous activity was monitored for 10 min by beam breaks

using TruScan software (Coulbourn Instruments).

Elevated plus maze (EPM)—One day before the test (Day 34), all rats were handled and

acclimated for two hours (12 p.m. to 2 p.m.) to the elevated plus maze (Med Associates Inc.)

room. On the test day (Day 35; 9 a.m. to 12 p.m.), each rat was placed onto the maze facing

one of the closed arms. Over five minutes, the total time spent in the open arms as the

percentage of total time spent in the open plus closed arms, and the open arm entries as the

percentage of total entries in open plus closed arms, were measured (23).

Forced swim test (FST)—The forced swim test took place in the cylinder (50 cm in

height × 20 cm in diameter) filled with water (23-25 °C) to 30 cm. One day before the test

(Day 34; 9 a.m. to 5 p.m.), a pre-exposure of 15 min swimming was given to ensure that the

rats quickly adopt an immobile posture on the test day. On the test day (Day 35; 9 a.m. to 5

p.m.), each rat was placed in the cylinder for 5 min, and the total time spent immobile was

measured (24).

Electrophysiological recordings

Single-unit extracellular recordings were performed on rats (9 a.m. to 6 p.m.) anesthetized

with 8% chloral hydrate (400 mg/kg, i.p.) and VTA recordings [from bregma: AP −5.3 to

−5.7 mm; ML −0.6 to −1.0 mm; ventral from brain surface: −6.5 to −9.0 mm] were made as

previously described (16). DA neurons were identified with open filter setting (50-16k Hz

bandpass) and distinguished by their unique long-duration waveform (> 2.5 ms), slow

irregular firing rate, and other well-established criteria (25, 26), which enabled accurate

identification of the large majority of DA neurons recorded (27). Three parameters of VTA

DA neuron activity were calculated. (1) Population activity, or the relative number of

spontaneously firing DA neurons, was assessed by passing the electrode through the VTA in

a predetermined grid pattern of 9 tracks separated by 200 μm; all spontaneously active DA

neurons encountered per electrode track were counted (Figure 2A and 2B). For each DA

neuron, 3 min of activity was recorded to determine the (2) firing rate and (3) percentage

burst firing (Figure 2C).
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For Exp 1-3 (CMS), the recordings were done on Days 36-42, with the recording order

counterbalanced among groups. For Exp 4 and 5, recordings were conducted on non-

stressed, naïve rats.

Drug administration

For local drug administration, a 28 gauge stainless-steel cannula (Plastic One) was lowered

into the BLA [relative to bregma: AP −2.9 mm; ML +5.0 mm; DV −8.6 mm] or the VP

[relative to bregma: AP −0.3 mm; ML +2.0 mm; DV −7.8 mm]. All drugs were freshly

mixed in Dulbecco's PBS buffer (VEH) (Sigma), with the doses chosen based on previously

published reports. Depending on the design of each experiment, 0.2 μl of tetrodotoxin (TTX;

1 μM) (Sigma) (28), N-Methyl-D-aspartic acid (NMDA; 0.75 μg) (Sigma) (28), or VEH,

was infused into the BLA, while 0.5 μl of kynuneric acid (KYN; 5 μg) (Sigma) (28) or VEH

was infused into the VP. Drugs were delivered at 0.2 μl/min, and another one minute was

allowed for diffusion. The cannula was then removed, immediately followed by single unit

recordings of VTA DA neurons.

Data analysis and statistics

Single-unit neuron activity was analyzed using Powerlab (AD Instruments) and Nex (NEX

Technologies) software. All data are represented as the mean ± SEM and were submitted to

analysis of variance (ANOVA) or t-test. Post hoc comparisons using Fisher's LSD test was

performed for ANOVAs that achieved a significance of p < 0.05. All statistics were

calculated using SPSS (IBM) or SigmaStat (Systat Software Inc.).

Results

Exp 1: CMS-treated rats exhibited slower weight gain, anxiety-like behavior, and an
attenuation of VTA DA neuron population activity

Rats were exposed to the CMS procedure (n=14) or controls (n=14), with sucrose preference

measured in a subgroup of rats (n = 8; CON and CMS, respectively) (Figure 1).

CMS rats were slower in gaining body weight over the four weeks of the CMS procedure

(Figure 3A; ANOVA significant main effect of “week” [F(4,104) = 790.86, p < 0.001] and a

significant interaction between “group” and “week” [F(4, 104) = 3.63, p = 0.008]). We did

not find an alteration in sucrose preference (index of anhedonia) in that the percentage of 1%

sucrose solution intake was always above 90% for both groups (no difference between the

main effect of “group” [F(1,14) = 1.12, p = 0.307], “week” [F(4, 56) = 1.26, p = 0.297], or

the interaction between “group” and “week” [F(4,56) < 1]). CMS rats did not differ from

controls in their locomotor activity measured by the distance travelled in 10 min [CON =

2409.9 ± 73.2, CMS = 2341.2 ± 84.4; t(26) = 0.62, p = 0.544]. By the end of the procedure,

CMS rats developed anxiety-like behavior as indexed by the elevated plus maze test (Figure

3B). CMS rats spent less time in the open arms over 5 min [Figure 3B left; t(26) = 2.43, p =

0.022], and had fewer entries into the open arms [Figure 3B right; t(26) = 2.91, p = 0.007].

The total visits of different arms were equivalent between groups [CON = 14.3 ± 0.7, CMS

= 14.5 ± 0.7; t(26) = 0.07, p = 0.943], suggesting that the lower percentage of open arm

entries was not due to decreased movement.
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One rat was excluded from data analysis due to electrode misplacement, yielding the final

group sizes: CON (n = 13; 134 neurons) and CMS (n = 14; 80 neurons). CMS-exposed rats

had 50% fewer DA neuron population activity [Figure 3C; t(25) = 3.06, p = 0.005]. No

differences in average firing rate [Figure 3D; t(212) = 1.64, p = 0.102] or percent of spikes

in bursts [Figure 3E; t(212) = 0.94, p = 0.35] were observed.

Exp 2: CMS-exposed rats showed deficits in forced swim and decreased VTA activity;
attenuation of BLA restored DA neuron activity

CMS-exposed (n=16) or control (n=8) rats were first tested in the forced swim test (Figure

1). We then tested whether the CMS-induced decrease in DA neuron population activity was

restored by attenuating BLA activity with local infusion of the sodium channel blocker,

tetrodotoxin (TTX).

Compared to controls, CMS rats did not show fatigue; indeed, the rats actually showed

higher levels of locomotor activity. CMS rats travelled a longer distance in 10 min compared

to controls [CON = 2162.9 ± 89.5, CMS = 2448.2 ± 66.4; t(22) = 2.52, p = 0.02]. By the end

of the CMS exposure, rats developed despair-like behavior as assessed by the forced swim

test (Figure 4A), in that they spent more time in immobility over the 5 min test period [t(22)

= 4.90, p < 0.001].

CMS rats were divided into two groups (n = 8 each) matched for time spent in immobility in

the FST, and assigned to local BLA infusion (Figure 4B) of vehicle or tetrodotoxin

immediately before recording VTA DA neuron activity. Given the small injection volume

compared to other relevant studies (29, 30), the spread of the infused drug is estimated to

remain within the BLA. Rats with cannulae and/or electrode misplacement were excluded

from data analysis, yielding the final group sizes: CON-VEH (n = 6; 69 neurons), CMS-

VEH (n = 8; 41 neurons), and CMS-TTX (n = 6; 81 neurons). CMS-exposed rats had 50%

fewer DA neuron population activity, which was restored to control levels following

attenuation of BLA activity with tetrodotoxin (Figure 4C; ANOVA significant main effect

of “group” [F(2,19) = 5.00, p = 0.02]). Post hoc analysis revealed that the DA neuron

population activity was significantly lower in the CMS-VEH group compared to others

(both ps < 0.05), with no significant difference between CON-VEH and CMS-TTX. No

differences in mean firing rate [Figure 4D; F(2,190) < 1] or percent of spikes fired in bursts

[Figure 4E; F(2, 190) < 1] were seen .

Exp 3: CMS-exposed rats showed deficits in forced swim and decreased VTA activity;
blockade of VP glutamatergic inputs restored DA neuron activity

CMS-exposed (n=16) or control (n=8) rats were first tested in the FST (Figure 1). We then

tested whether the CMS-induced decrease in DA neuron population activity was restored by

blocking glutamatergic inputs onto VP, a brain region that receives glutamatergic BLA

afferents (18) and that attenuates VTA DA neuron population activity, using the broad-

spectrum glutamate receptor antagonist, kynurenic acid (KYN) (28, 31).

Data of one rat was lost due to computer error, leading to the final group sizes: CON (n = 8)

and CMS (n = 15). CMS rats did not differ from controls in their locomotor activity
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measured by the distance travelled in 10 min [CON = 2272.18 ± 190.99, CMS = 2275.93 ±

66.19; t(21) = 0.02, p = 0.982]. By the end of the CMS exposure, CMS rats spent more time

in immobility over the 5 min test period in FST [Figure 5A; t(22) = 4.61, p < 0.001].

CMS rats were divided into two groups (n = 8 each) matched for time spent in immobility,

and assigned to local VP infusion (Figure 5B) of vehicle or kynurenic acid immediately

before VTA DA neuron recording. The small volume of VP injection is comparable to other

relevant studies (32), and the spread of the infused drug is estimated to remain within the

confines of the VP. Rats with misplaced cannulae/electrodes were excluded, yielding the

final group sizes: CON-VEH (n = 7; 69 neurons), CMS-VEH (n = 7; 35 neurons), and CMS-

KYN (n = 8; 82 neurons). CMS-exposed rats had 50% fewer DA neuron population activity

that was restored to control levels following kynurenic acid infusion into VP (Figure 5C;

ANOVA significant main effect of “group” [F(2,19) = 4.67, p = 0.022]). Post hoc analysis

revealed that the DA neuron population activity was significantly lower in the CMS-VEH

group compared to others (both ps < 0.05), with no significant difference between CON-

VEH and CMS-KYN. We observed a significant difference in mean firing rate among

groups [Figure 5D; F(2, 183) = 3.43, p = 0.035], with the firing rate of CMS-VEH

significantly higher than CON-VEH. No difference in percent of spikes fired in bursts was

seen [Figure 5E; F(2,183) < 1].

Exp 4 and 5: The BLA-VP pathway mediates the BLA-driven decrease in VTA DA neuron
population activity

The CMS-induced decrease in VTA DA neuron population activity appears to be mediated

by the BLA, a region known to be activated by stress (33), which has direct projections onto

the VP (18), a brain region that then has inhibitory regulation on the VTA DA neuron

population activity (19). To further delineate the pathway, we used pharmacological

manipulation in naïve, non-stressed rats, to test: 1) how direct augmentation or attenuation

of BLA activity using N-methyl-D-aspartic acid (NMDA) or TTX infusion, respectively,

alters VTA DA neuron activity (Exp 4), and 2) whether the BLA-VP pathway is critical in

modulating BLA-driven alterations in DA neuron population activity (Exp 5).

Figure 6A summarized the infusion site of BLA; excluding rats with cannulae/electrode

misplacements yielded final group sizes: VEH (n = 5; 54 neurons), NMDA (n = 9; 39

neurons), and TTX (n = 5; 49 neurons). NMDA-induced activation of the BLA decreased

VTA DA neurons firing spontaneously by 60%, which is consistent with that observed

following CMS; BLA inactivation with TTX had no effect (Figure 6B; ANOVA significant

main effect of “group” [F(2,16) = 5.04, p = 0.02]). Post hoc tests revealed that DA neuron

population activity was significantly lower in the NMDA group compared to VEH and TTX

(both ps < 0.05), with no significant difference between VEH and TTX. No differences in

the average firing rate [Figure 6C; F(2,139) < 1] or percent of spikes in bursts [Figure 6D;

F(2,139) < 1] were observed.

We next explored whether the BLA-VP pathway is critical in modulating BLA-driven

decreases in DA neuron population activity. The BLA was activated with NMDA as above

and the broad-spectrum glutamate antagonist kynurenic acid (KYN) was locally infused into

the VP.
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Excluding rats with cannulae/electrode misplacements yielded final group sizes: “BLA-VEH

+ VP-VEH” (n = 6; 71 neurons), “BLA-NMDA + VP-VEH” (n = 9; 43 neurons), “BLA-

VEH + VP-KYN” (n = 6; 85 neurons), and “BLA-NMDA + VP-KYN” (n = 5; 67 neurons)

(cannula placements in Figure 7A). Compared to controls (“BLAVEH + VP-VEH”),

activation of the BLA with NMDA (“BLA-NMDA + VP-VEH”) produced a 65% decrease

in VTA DA neuron population activity. However, blocking the glutamate inputs in the VP

with KYN (“BLA-NMDA + VP-KYN”) completely prevented the BLA-mediated decrease

in population activity (Figure 7B; ANOVA significant main effect of “VP (KYN/VEH)”

[F(1,22) = 4.59, p = 0.044] and a significant interaction between “BLA (NMDA/VEH)” and

“VP (KYN/VEH)” [F(1,22) = 4.68, p = 0.042]). Post hoc tests revealed that the DA neuron

population activity was significantly lower in the “BLA-NMDA + VP-VEH” group

compared to all other groups (all ps < 0.05). Local infusion of KYN itself had no effects on

VTA DA neuron population activity. There was no difference between group of “BLA-VEH

+ VP-KYN” and control group of “BLA-VEH + VP-VEH”. Moreover, no differences in the

average firing rate [Figure 7C; all Fs (1,262) < 1] or percent of spikes in bursts [Figure 7D;

“BLA (NMDA/VEH)” F(1,262) = 2.53, p = 0.11; “VP (KYN/VEH)” F(1,262) = 1.60, p =

0.21; “interaction” F(1,262) < 1] were observed.

Discussion

In this study, we found that the CMS model of depression resulted in a slower body weight

gain and development of anxiety- and despair-like behaviors. There was a significant

decrease in VTA DA neuron population activity, which was mediated through the BLA-VP

pathway. Such decreases in the number of spontaneously firing DA neurons would be

expected to greatly lessen the amplitude of the DA response to stimuli (34), which is

proposed to decrease the rewarding value of external stimuli.

CMS procedure is proposed to mimic socio-environmental stressors in inducing symptoms

that share some characteristics of human depression, such as increased fearful/anxiety-like

behavior (20, 35), decreased consumption of palatable food and physiological changes (36),

and loss of motivation (8, 36). Importantly, the deteriorated performance of the tasks due to

CMS procedure improves with chronic anti-depressant medication treatment, supporting its

validity as an animal model (37, 38). Emotionality in rodents is best characterized by the use

of complementary behavioral assays (20). In this study, we assessed multiple dimensions of

depressive behavioral phenotypes using tasks including long-term monitoring of the body

weight (physiological changes), sucrose preference test (anhedonia), locomotor activity,

elevated plus maze test (anxiety-like behavior), and forced swim test (motivation/despair-

like behavior). We found that rats chronically exposed to these stressful conditions were

slower in gaining body weight. They were more anxious (20), in that they were less willing

to explore or stay in the open arms on the elevated plus maze. They also showed a sign of

behavioral despair (24), in that they spent more time in immobility in the forced swim test.

These behavioral deteriorations were not due to differences in motor ability. Compared to

controls, the CMS rats either did not show differences (Exp 1 and 3), or were even more

agitated (Exp 2), in locomotor activity. Moreover, both control and CMS procedure groups

showed equivalent total number of entries into different arms on the elevated plus maze,

showing that motor impairment was not a factor. Although no deficit in sucrose preference

Chang and Grace Page 7

Biol Psychiatry. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



was observed, the robustness of the sucrose preference test or its validity in tests of

depression has been a subject of controversy (39, 40); furthermore, the less intense CMS

procedure used here compared to those that presented different stressors twice daily for up

to 8-12 weeks (8) may be a factor. Given these results, it is unclear whether a more severe

CMS procedure (8) would have had a more significant impact on sucrose preference as

compared to the standard procedure used here (21, 41), or whether anhedonia was indeed

induced but not detected because the sucrose preference test itself was not sufficiently

sensitive. It is worth noting that convergent, rather than consistent, symptoms are the core of

human depression (20, 42), and in several instances the measures are opposite in nature

(e.g., decreased food intake/increased food intake) (43). Nonetheless, we demonstrated that

a set of behavioral assays covering different dimensions of depressive behavioral

phenotypes are the consequence of CMS exposure in our experiments.

There are two major activity states of DA neurons relevant to their function. DA neurons

exhibit burst firing when the behaving animals encounter a salient stimulus, such as one

predicting reward (44). However, in order to exhibit burst discharge, the DA neuron must be

firing spontaneously (19, 32). Thus, the proportion of DA neurons firing spontaneously, the

population activity, determines the amplitude of the DA phasic burst response, serving as an

amplification factor of the salience signal (34). We found that for CMS rats, there was a

significant decrease in VTA DA neuron population activity. This would attenuate the

amplitude of the phasic burst firing response (19, 34) when the behaving animals encounter

a salient stimulus (44), making these individuals less capable of attending to a positive

affective response to external, normally salient or rewarding events. This is consistent with

what has been reported in depression (45-47). In Exp 3 (Figure 5), rats did show higher

firing rates in CMS-VEH vs CON-VEH, which was not present in other experiments. While

the origin of this discrepancy is unclear, it is interesting to note that KYN VP-infusion did

restore firing rate to baseline.

One region likely to be involved in CMS-induced changes is the BLA because of its well-

known involvement in aversive (stressful) learning (48, 49). Indeed, the BLA exhibits

hyper-responsiveness to stress and aversive emotional stimuli (14, 15) in MDD. Our data

suggested that attenuating BLA activity reversed the CMS-induced decrease in DA neuron

population activity. Moreover, activation of the BLA in non-stressed, naïve rats with NMDA

local infusion significantly decreased VTA DA neuron population activity without affecting

average firing rate or firing pattern, which mimicked that observed in the CMS rats. There

are several pathways through which the BLA can indirectly exert potent actions on VTA DA

neurons. We specifically explored the BLA-VP-VTA pathway, given that the BLA has

direct excitatory projections to the VP (18), and previous studies showed that the VP exerts

specific effects on VTA DA neuron population activity without substantially affecting

average firing rate or burst firing (34). We showed that the BLA activation-induced decrease

in DA neuron population activity was prevented by blocking glutamate inputs into the VP.

Although we cannot rule out the possibility that glutamatergic afferents from other regions

activated by the amygdala, such as the infralimbic cortex (50), also drive the VP, our data

confirm that the VP is at least one critical component involved in BLA modulation of the

VTA. The VP is thus placed in a strategic position in that its inhibition (via the ventral
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subiculum-nucleus accumbens pathway) will increase VTA DA neuron population activity

(19), whereas its activation (via the BLA and/or other excitatory inputs) will attenuate VTA

DA neuron population activity.

These data extend previous findings of stress, DA and depression. We have shown that acute

stressors activate the DA system (51), which is followed 24 hours later by potently

diminished DA neuron activity and attenuated response to amphetamine (16). The initial

increase in DA activity is also consistent with data showing DA activation facilitates

induction of depressed behavior (9), and that activation of the VTA reverses behavioral

depression (8). Therefore, the DA system appears to play a role both in the induction and

expression of some depressive behaviors. These results provide valuable information

regarding the neural circuitry underlying MDD, which is critical in the development of

potential new and more effective pharmacotherapeutic approaches that selectively target

these key regions in MDD.
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Figure 1.
Experimental timeline for rats that underwent the CMS procedure. SP, sucrose preference

test; BW, body weight; EPM, elevated plus maze test; FST, forced swim test; Ephys,

electrophysiology.
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Figure 2.
Evaluation of VTA DA neuron activity states. (A) Glass electrodes filled with 2%

Pontamine sky blue in 2 M NaCl with in situ impedance of 4–10 MΩ measured at 1kHz,

were lowered into the VTA [from bregma: AP −5.3 to −5.7 mm; ML −0.6 to −1.0 mm; from

brain surface: DV −6.5 to −9.0 mm]. Population activity was assessed by passing the

electrode through the VTA in a predetermined grid pattern (3 × 3) of nine tracks separated

by 0.2 mm (inset). All spontaneously active DA neurons encountered per electrode track

were counted. The final location of the last track was marked by electrophoretic ejection of

dye (filled dot) for histological verification. (B) A representative Pontamine sky blue

deposit. Arrowhead indicates the final location of the electrode. Scale bar: 500 μm. (C) 3

min of spontaneous activity was recorded for every DA neurons isolated to determine firing

rate and percentage burst firing. Figures show a representative waveform of DA neuron

(Scale bar: 1 ms) and 1 min segment of spontaneous activity (Scale bar: 5 s). Percentage

burst firing was quantified by examining the proportion of action potentials occurring in

bursts, with bursts defined as the occurrence of two spikes with an interspike interval (ISI)

of <80 ms indicating the initiation of a burst, and two spikes with an ISI >160 ms signaling

burst termination. Burst firing was robust for the DA neuron. Coronal brain section image in

(A) adapted from Swanson (52).
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Figure 3.
Rats that underwent the CMS procedure were slower in gaining body weight and developed

anxiety-like behavior, and there was a significant decrease in VTA DA neuron population

activity. (A) CMS rats (n = 14) were significantly slower in gaining body weight compared

to controls (CON; n = 14) (p < 0.05), and (B) developed anxiety-like behavior with less total

time spent in the open arms (left) and fewer entries into the open arms (right) on the elevated

plus maze (*, p < 0.05). (C) DA neuron population activity in CMS rats (n = 14, 80 neurons)

was significantly lower than CON rats (n = 13, 134 neurons) (*, p < 0.05), with no

significant differences in (D) mean firing rates or (E) bursting activity.
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Figure 4.
Rats that underwent the CMS procedure developed deficits in the forced swim test, which

has been associated with despair-like behavior, and there was a significant decrease in VTA

DA neuron population activity that was restored by attenuating BLA activity. (A) CMS rats

(n = 16) exhibited more time spent in immobility compared to controls (CON; n = 8) in the

forced swim test (*, p < 0.05). CMS rats were then divided into two groups matched for

forced swim behavior (n = 8 each), and received local BLA infusion of tetrodotoxin (TTX)

or vehicle (VEH; CON and CMS) immediately before DA recordings. (B) Cannulae

placements for all rats included in this study. (C) DA neuron population activity in CMS rats

(VEH, white bar; n = 8, 41 neurons) was significantly lower than CON rats (VEH, gray bar;

n = 6, 69 neurons) (*, p < 0.05), which was restored to control level by attenuating BLA

activity with TTX (n = 6, 81 neurons) infusion. There was no significant difference among

groups in (D) mean firing rates or (E) bursting activity. Coronal brain section images in (B)

adapted from Swanson (52).
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Figure 5.
The decrease in VTA DA neuron population activity observed in CMS rats was restored by

blockade of VP glutamatergic inputs. (A) As in Figure 4, CMS rats (n = 16) exhibited more

time spent in immobility compared to controls (CON; n = 8) in the forced swim test (*, p <

0.05). CMS rats were then divided into two groups matched for forced swim behavior (n = 8

each), and received local VP infusion of kynurenic acid (KYN) or vehicle (VEH; CON and

CMS) immediately before DA recordings. (B) Cannulae placements for all rats included in

this study. (C) DA neuron population activity in CMS rats (VEH, white bar; n = 7, 35

neurons) was significantly lower than CON rats (VEH, gray bar; n = 7, 69 neurons) (*, p <

0.05), and was restored to control level by blockade of VP glutamate inputs with KYN (n =

8, 82 neurons) infusion. (D) The mean firing rate of CMS-VEH was significantly higher

than CON-VEH, but there was no significant difference in (E) bursting activity. Coronal

brain section image in (B) adapted from Swanson (52).
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Figure 6.
Activation of the BLA decreased VTA DA neuron population activity. (A) Cannulae

placements for all rats included in this study. (B) Activation of the BLA with NMDA (n = 9,

39 neurons) significantly decreased VTA DA neuron population activity compared to

controls (VEH; n = 5, 54 neurons) (*, p < 0.05), with no significant difference between (C)

mean firing rates or (D) bursting activity. Blocking BLA activity with TTX (n = 5, 49

neurons) had no effect on DA neuron activity. Coronal brain section images in (A) adapted

from Swanson (52).

Chang and Grace Page 17

Biol Psychiatry. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
The BLA-VP pathway mediates the BLA activation-induced decrease in VTA DA neuron

population activity. (A) Cannulae placements for all rats included in this study. (B)

Activation of the BLA with NMDA (BLA-NMDA + VP-VEH; n = 9, 43 neurons)

significantly decreased VTA DA neuron population activity compared to controls (BLA-

VEH + VP-VEH; n = 6, 71 neurons) (*, p < 0.05), which was restored to baseline by

blocking VP glutamatergic drive with kynurenic acid infusion (KYN) (BLANMDA + VP-

KYN; n = 5, 67 neurons). Local infusion of KYN itself (BLA-VEH + VPKYN; n = 6, 85

neurons) had no effect on VTA DA neuron population activity. There was no significant

difference among groups for (C) mean firing rates or (D) bursting activity. Coronal brain

section images in (A) adapted from Swanson (52).
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