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Abstract

Background: The lateral habenula is a brain region that has been critically implicated in modulating negative emotional states 
and responses to aversive stimuli. Exposure to addictive drugs such as cocaine negatively impacts affective states, an effect 
persisting longer than acute drug effects. However, the mechanisms of this effect are poorly understood. We hypothesized 
that drugs of abuse, such as cocaine, may contribute to drug-induced negative affective states by altering the firing properties 
of lateral habenula neurons, thus changing the signaling patterns from the lateral habenula to downstream circuits.
Methods: Using whole-cell current-clamp recording of acutely prepared brain slices of rats after various periods of withdrawal 
from cocaine self-administration, we characterized an important heterogeneous subregion of the lateral habenula based on 
membrane properties.
Results: We found two major relevant neuronal subtypes: burst firing neurons and regular spiking neurons. We also found 
that lateral habenula regular spiking neurons had higher membrane excitability for at least 7 days following cocaine self-
administration, likely due to a greater membrane resistance. Both the increase in lateral habenula excitability and membrane 
resistance returned to baseline when tested after a more prolonged period of 45 days of withdrawal.
Conclusion: This is the first study to look at intrinsic lateral habenula neuron properties following cocaine exposure beyond 
acute drug effects. These results may help to explain how cocaine and other drugs negatively impact affect states.
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Introduction
Drug addiction involves complex neural circuits and an enor-
mous number of cellular and molecular adaptations. Acute 
exposure to drugs of abuse often elicits an emotional “high” 
while also inducing negative/aversive effects that outlast the 
initial positive feelings (Solomon and Corbit, 1974; Koob and Le 

Moal, 1997). This reduction in affect—one’s cognitive emotional 
state—by increasing negative emotional states and/or reducing 
positive emotional states may contribute to continued or chronic 
drug use as the user seeks to alleviate these negative feelings 
(Solomon and Corbit, 1974; Solomon, 1980; Koob and Le Moal, 
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1997). Chronic drug use is often a serious condition, as maladap-
tive emotional and motivational states can be developed, lead-
ing to compulsive drug use or addiction (Solomon, 1980; Koob 
and Le Moal, 2008). The opponent process theory posits that 
these prolonged aversive effects work in opposition to the posi-
tive rewarding effects of addictive drugs and that these aversive 
effects are also one of the major difficulties in abstaining from 
drug use, as users seek drugs in order to mitigate chronic nega-
tive affect (Solomon and Corbit, 1974; Solomon, 1980; Koob and 
Le Moal, 1997, 2001, 2008).

The lateral habenula (LHb) has recently garnered interest 
for its role in mediating negative rewards and aversive effects 
(Matsumoto and Hikosaka, 2007) and negative affect (Yang et al., 
2008; Li et al., 2011). LHb neuronal activity is negatively corre-
lated with neuronal activity in positive reward-related regions 
such as the ventral tegmental area (VTA) (Christoph et al., 1986; 
Ji and Shepard, 2007; Stamatakis et al., 2013). Additionally, direct 
application of cocaine to brain slices excites LHb neurons (Good 
et al., 2013; Zuo et al., 2013), while cocaine exposure has been 
shown to increase aversive conditioning via the LHb (Jhou et al., 
2013).

The LHb is a heterogeneous region and includes several 
smaller subnuclei with physiology, connectivity, and functional-
ity that are currently poorly defined (Andres et al., 1999; Weiss 
and Veh, 2011; Aizawa et  al., 2012). Inputs to the LHb arrive 
from a variety of brain regions and include TH-positive projec-
tions from the VTA, indicating that dopaminergic neurons from 
the VTA send signals to the LHb (Lecourtier and Kelly, 2007; 
Hikosaka, 2010; Aizawa et al., 2012; Good et al., 2013). Outputs 
from the LHb are chiefly glutamatergic and primarily target the 
VTA and the rostromedial tegmental nucleus (RMTg), which 
then sends GABAergic signals to the VTA (Ji and Shepard, 2007; 
Lecourtier et al., 2008; Balcita-Pedicino et al., 2011; Matsui and 
Williams, 2011; Stamatakis et  al., 2013). It appears, then, that 
the LHb is well-situated to mediate negative affect and aversive 
behaviors by controlling inhibitory signaling to VTA dopamine 
neurons via this LHb-to-RMTg-to-VTA pathway (Sesack and 
Grace, 2010; Balcita-Pedicino et al., 2011).

These circuitry-based reports position the LHb as a critical 
region for regulating drug-induced negative affect as well. Indeed, 
there is evidence that cocaine exposure induces synaptic plas-
ticity specifically in the LHb-to-RMTg pathway (Maroteaux and 
Mameli, 2012), likely leading to increased inhibitory signaling 
from the RMTg to the VTA. Other studies have also examined the 
LHb-RMTg-VTA pathway and found supporting evidence for its 
involvement in cocaine-induced aversive behaviors (Jhou et  al., 
2013). However, it remains largely unknown whether exposure to 
drugs of abuse, such as cocaine, reshape or induce plastic changes 
within LHb neurons directly. Here, we demonstrate that short-term 
withdrawal (1–2 days) from cocaine self-administration results in 
significantly increased intrinsic membrane excitability and mem-
brane resistance of LHb neurons. Given the highly regulated con-
ditions under which LHb neurons operate, this adaptation may 
significantly increase the response of LHb neurons to incoming 
signals, thus contributing to increases in LHb signaling to down-
stream targets such as the RMTg and potentially contributing to 
the prolonged increases in negative affect following cocaine expo-
sure. The cocaine-induced increase in LHb membrane excitability 
was maintained for at least 7 days after cocaine self-administra-
tion, but when measured after long-term withdrawal of 45 days, 
this membrane adaptation had returned to baseline levels. These 
results indicate that there may be a window of time following 
exposure to cocaine whereby LHb neurons exhibit cocaine-induced 
increases in excitability and downstream signaling.

Methods

Animals

Upon arrival, male Sprague-Daley Rats (Charles River) weigh-
ing 90 to 110 g were housed in pairs with 12-h/12-h light/dark 
cycles and free access to food and water. Animals were allowed 
to habituate to their cages for at least 6 days before undergoing 
any procedures. Following catheter surgery, animals were sin-
gle-housed. All experimental procedures were approved by the 
Institutional Animal Care and Use Committee of the University 
and were performed in accordance with the guidelines of the 
National Institutes of Health.

Catheter Surgery

After habituating to their cages, p33-40 rats (weighing between 
125 and 150 g) underwent self-administration catheter surgery. 
Briefly, rats were anesthetized with a ketamine/xylazine mixture 
(50–100/5–10 mg/kg, i.p.). A  silicone catheter (0.51 inner/0.940-
mm outer diameter, HelixMark) was then inserted into the jugu-
lar vein and run under the skin to a small incision made between 
the scapulae where it exited the body and connected to a har-
ness with quick connect luer (SAI infusion technologies) worn by 
the rat. Throughout the recovery and training period, catheters 
were flushed daily through the harness with sterile saline solu-
tion containing gentamicin (5 mg/mL) and heparin (10 USP/mL).

Self-Administration Training

Following surgery, the rats were placed back in cages to be single-
housed and allowed to recover for 7 to 12 days before beginning 
self-administration training. Self-administration operant cham-
bers (Med Associates) contained 2 separate nose-poke holes 6 cm 
above the grid floor. The harness luer was attached to a swivel 
with a tether and connected to a syringe loaded into an infusion 
pump. Nose pokes to the active hole initiated an infusion “reward” 
of cocaine/saline (0.75 mg/kg cocaine or an equivalent volume 
of saline during 6 seconds; the volume of each infusion was 
90–150 µL and was adjusted based on the body weight of the ani-
mal at each training session to meet this criteria), turned off the 
house light for 20 seconds, and turned on a separate 6-second cue 
light. A successful infusion was followed by a 14-second lockout 
period. During this lockout period, active nose pokes continued 
to be recorded but failed to initiate any cues or further infusions. 
At the end of this lockout period, the house light would turn back 
on, signaling that the active nose poke hole could now initiate 
another infusion. Nose pokes in the inactive hole were recorded 
but elicited no effects. All tests were done using an FR1 schedule.

Rats were randomly divided into cocaine and saline groups 
for across the 3 chosen withdrawal time points and were placed 
in the operant chambers for one overnight training session 
(approximately 12 hours) 8 to 10  days after surgery. Rats in a 
cocaine group that failed to receive >30 cocaine infusions dur-
ing the overnight session were excluded from further testing 
(approximately 10% of the group). Approximately 24 hours later, 
rats began a series of daily 2-hour training sessions over 5 con-
secutive days. Rats in a cocaine group that did not show the abil-
ity to distinguish between active and inactive nose pokes or did 
not receive at least 15 cocaine infusions per 2-hour session were 
excluded from further study (approximately10% of the group). At 
the conclusion of the training, rats from all groups were placed 
back into their home cages for a 24- to 48-hour, 5- to 7-day, or a 
43- to 47-day (referred to as 45 days) withdrawal period before 
being taken for brain slice preparation.
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Brain Slice Preparation

Following the withdrawal period, rats were quickly anesthetized 
with approximately 3 to 4 mL of 99.9% isofluorane in a closed 
20 x 16 x 16 cm chamber and were decapitated so that the brain 
could be extracted. Coronal brain slices (260 µm thick) contain-
ing the LHb were prepared using a VT1200S microtome (Leica). 
Slices were cut in the presence of 4°C cutting solution contain-
ing (in mM): 135 N-methyl-d glucamine, 1 KCl, 1.2 KH2PO4, 0.5 
CaCl2, 1.5 MgCl2, 20 choline-HCO3, and 11 glucose, saturated with 
95% O2/5% CO2, with the pH adjusted to 7.4 using HCl, at 300 to 
310 mOsm. After being cut, slices were placed in an incubation 
chamber in artificial cerebrospinal fluid containing the follow-
ing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1 NaH2PO4, 
26.2 NaHCO3, and 11 glucose, at 290 to 294 mOsm, saturated with 
95% O2/5% CO2 to maintain a pH of 7.4 at 37°C for 30 minutes. 
Slices were then allowed to recover for at least 30 minutes at 
room temperature before being used for experimentation.

Electrophysiological Recordings

Whole-cell current-clamp recordings were made in the LHb, 
specifically in the parvocellular and central parts of the medial 
division of LHb (Figure 2a). During recordings, slices were super-
fused with artificial cerebrospinal fluid that was heated to 31 to 
33°C by passing the solution through a feedback controlled in-
line heater (Warner Instruments) before entering the recording 
chamber. Recordings were made under visual guidance (40x, dif-
ferential interference contrast optics) with micropipettes (2.5–5 
MΩ) filled with a potassium-based internal solution contain-
ing (in mM): 130 KMeSO3, 10 KCl, 0.4 ethylene glycol tetraacetic 
acid, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2.5 
Mg-ATP, 0.25 Na-GTP, and 2 MgCl2-6H2O, pH 7.3, 294 mOsm.

The holding current for each cell was adjusted such that the 
cell maintained a membrane potential of −65 mV, which is close 
to the average resting membrane potential of these neurons 
(Wilcox et al., 1988). Though rare, cells requiring currents greater 
than ±20 pA to reach this holding potential were excluded for 
data collection. Series resistance was 9 to 20 MΩ, uncompensated, 
and monitored continuously during recording. Recordings with a 
change in series resistance >20% for the duration of data collec-
tion were not accepted for data analysis. To record evoked action 
potential firing, current injection steps were generated using 
Clampex software (Molecular Devices). The range of −50 to +90 
pA, 10 pA increments/steps, and 0.1 Hz/step was chosen based 
on calibration trials to find appropriate current steps that would 
elicit the best range of action potential spikes across the full sam-
ple of recorded LHb neurons. Voltage traces were recorded with 
a MultiClamp 700B amplifier, filtered at 3 kHz, amplified 5 times, 
and then digitized at 20 kHz. Three consecutive series of 10-pA 
steps (from −50 to +90 pA) were recorded from each cell. Cells 
were allowed approximately 5 minutes to stabilize after achieving 
the whole-cell patch configuration before data collection began.

Drugs and Reagents

Cocaine-HCl was supplied by the Drug Supply Program of the 
National Institute of Drug Abuse. All other chemicals were pur-
chased from Sigma-Aldrich.

Statistics and Data Analysis

All cell measurements were averaged across 3 consecutive trials. 
The number of action potentials evoked by each current injec-
tion step was used as a measure of cell membrane excitability. If 

the number of peaks at any current step varied more than 20% 
across any of the 3 trials, the cell was excluded from analysis for 
being unstable. Membrane resistance measurements for each 
cell were calculated using Ohm’s law by taking the difference 
in the cell’s voltage between the final 100 ms of each negative 
current step compared to the cell’s baseline and dividing by the 
amount of current injected. The threshold for action potentials 
was measured as the point at which the voltage level of the cell 
slopes upwards at >25 mV/ms during the final rise to form an 
action potential peak. Using this threshold as a baseline, the 
fast-decaying afterhyperpolarization (fAHP) was measured as 
the lowest point 2 to 5 milliseconds after the peak of the action 
potential, and the medium-duration afterhyperpolarization 
(mAHP) was measured as the lowest point 20 to 40 milliseconds 
after the peak of the action potential. Neurons that did not dem-
onstrate either a clear fAHP or mAHP phase were excluded from 
analysis of that phase. All measurements were taken from the 
same set of recorded cells with none being excluded, unless spe-
cifically stated. Student’s t test was used to compare single data 
points, while 2-way repeated measures analysis of variance was 
used to compare treatment groups across multiple data points 
(spike numbers across all current steps and treatment groups, 
or behavioral data across multiple days and treatment groups). 
Results are shown as mean ±SEM.

Results

Self-Administration of Cocaine or Saline

To test the effects of cocaine exposure on LHb neurons, a self-
administration training model was used. Rats received 5-day 
self-administration training after an initial overnight training 
session. Rats were trained to nose-poke for 0.75 mg/kg infusions 
of cocaine/saline during 2-hour sessions. Animals in short-term 
(ST), moderate-term (MT), and long-term (LT) withdrawal groups 
received identical training and access to cocaine/saline. ANOVA 
was used to compare the number of rewards received across all 
treatment groups and training days, whereby reward infusions 
was the dependent variable and the training day and treatment 
group were fixed factors. As expected, comparisons between the 
ST, MT, and LT withdrawal groups for rats revealed no differences 
between reward infusions after a Bonferroni posttest (ST vs LT: 
saline, P = 1.00, n = 6, 3; cocaine, P = 1.00, n = 6, 3; ST vs MT: saline, 
P = 1.00, n = 6, 4; cocaine, P = 1.00, n = 6, 6; MT vs LT: saline, P = 1.00, 
n = 4, 3; cocaine, 1.00, n = 6, 3). Thus, the behavioral results were 
combined across withdrawal groups. Analysis comparing saline 
and cocaine treatment groups revealed that rats in combined 
cocaine treatment groups nose poked for more infusions than rats 
in the combined saline group (Figure 1; P < .0001, F[1, 139] = 562.64, 
n coc/sal  =  15/13). The individual day of training had no effect 
(P = 0.69, F[4,  139]  =  0.56, n coc/sal  =  15/13), and no interaction 
effects were present across withdrawal groups or training days. 
These results confirm that this 5-day self-administration proce-
dure is sufficient to both initiate and measure cocaine-seeking 
behavior in adolescent rats and that these rats demonstrate 
equivalent cocaine-seeking across withdrawal groups.

Characterization of Two LHb Neuron Subtypes

At 24 to 48 hours following the fifth and final self-adminis-
tration training session, rats were sacrificed to obtain coronal 
brain slices containing the LHb for whole-cell current-clamp 
recordings. Cells located in the parvocellular or central parts of 
the medial division of the LHb were preferentially targeted for 
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recording (Figure 2a), as cells in these regions have been shown 
to receive the highest density of incoming TH-positive fibers 
originating from the VTA (Aizawa et al., 2012; Good et al., 2013). 
The target region was easily discernable under standard differ-
ential interference contrast optics (Figure 2b).

A survey of LHb cells revealed 2 relevant major neuronal types: 
burst firing (BF) cells and regular spiking (RS) cells (Figure 3a-b). 
Continued observation revealed that 3 of 22 recorded cells from 
saline-treated animals showed clear BF characteristics, while 4 
of 23 recorded cells from cocaine-treated animals showed clear 
BF characteristics (Figure 3e), indicating that cocaine exposure 
does not shift the population composition of BF/RS cell types 
in the LHb.

All recorded LHb neurons also exhibited action potentials 
evoked by releasing a hyperpolarizing stimulation, termed 
rebound spiking (Wilcox et al., 1988; Chang and Kim, 2004; Weiss 
and Veh, 2011) (Figure 3c-d). Similar to depolarization spiking in 
LHb neurons, rebound spiking occurs in trains of RS or BF pat-
terns. These rebound spike trains continue for various extended 
periods of time depending upon the magnitude of the preceding 
hyperpolarization. Interestingly, the rebound spiking pattern did 
not necessarily match the depolarization spiking pattern within 
the same cell, even at the same holding potential. Whereas only 
3 of 22 cells recorded from saline-treated animals exhibited 
BF spike patterns during depolarization, 12 of the 22 recorded 
cells showed BF spike patterns following hyperpolarization 

(Figure  3e-f). Similarly, while only 4 of 23 recorded cells from 
cocaine-treated animals had BF spike patterns during depo-
larization, 14 of these 23 cells had BF rebound spike patterns 
(Figure 3e-f). All cells that showed BF spiking during depolari-
zation also showed BF rebound spiking. The similarity of these 
sample numbers between the saline and cocaine groups, again, 
indicates that cocaine exposure does not shift the population 
composition or resting potential of cell types within the LHb.

Upon achieving a whole-cell patch-clamp configuration, 
most LHb neurons demonstrated a variety of tonic firing pat-
terns, ranging between 0.1 and 10 Hz (Figure 3g). This tonic firing 
was variable and unstable over time, though, and even disap-
peared in many cases approximately 10 to 20 minutes after cells 
came to rest. However, continued persistence or even intensifi-
cation in other cases complicated certain measurements (such 
as rheobase current). Recorded neurons were injected with cur-
rent (up to ±20 pA) in order to maintain a resting potential near 
−65 mV. A majority (approximately 85%) of LHb neurons dem-
onstrated RS spiking patterns, while a minority (approximately 
15%) demonstrated BF spiking patterns. It should also be noted 
that a relatively small amount of current is needed to bring 
these LHb neurons to their action potential threshold. The cur-
rent steps used in the present study ranged from −50 to +90 pA, 
where spike numbers began to plateau in some cells. A majority 
of recorded LHb neurons fire multiple spikes with just a 400-mil-
lisecond injection of +10 pA, confirming that neurons in the LHb 
are highly regulated and sensitive to incoming signals (Wilcox 
et al., 1988; Chang and Kim, 2004; Weiss and Veh, 2011).

Membrane Excitability of LHb Neurons Is Increased 
after Short-Term Withdrawal from Cocaine Self-
Administration

To examine the impact of cocaine self-administration on the 
membrane excitability of LHb cells, we elicited action potentials 
from these neurons using a series of current injection steps (-50 
to +90 pA, 10-pA increments) 24-48 hours after the final self-
administration training session. Cells that demonstrated BF 
spiking during depolarization (approximately 15% of cells) were 
excluded from excitability analysis due to their irregular firing 
pattern. Spike numbers at each current step were counted as 
a measure of the membrane excitability (Figure  4a). Two-way 
repeated measures ANOVA with spike number as the depend-
ent variable repeated at each current step for both saline and 
cocaine treatment groups revealed that animals from the treat-
ment group had a significant effect on the membrane excitabil-
ity in LHb cells 24 to 48 hours after the final cocaine exposure 
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Figure 2.  The lateral habenula (LHb) and subnuclei regions. (a) Diagram showing the parvocellular and central regions of the medial division of the LHb where cells 

were recorded (shaded region). 3V, third ventricle; LHbMPc, parvocellular part of the medial division of the LHb; LHbMC, central part of the medial division of the LHb; 

LHbLMC, magnocellular part of the lateral division of the LHb. (b) Differential interference contrast image of the habenula of a rat brain slice. The LHb region of interest 
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when compared to saline-exposed controls (Figure 4b, P < .05, 
F[1,  36] = 5.62, n = 38). Bonferroni’s multiple comparisons test 
was performed to detect significant differences between treat-
ment groups at each current step.

We then looked to examine additional properties of these 
LHb neurons in an attempt to determine contributing factors to 
the observed cocaine-induced increase in the membrane excit-
ability. We first measured the threshold of action potentials in 
single-standing spikes. There were no significant differences in 
the threshold for action potentials between saline- and cocaine-
exposed rats (Figure 4c, P = 0.48, n sal/coc = 19/19). We next calcu-
lated the membrane resistance of the LHb cells by measuring the 
cell’s change in potential in response to negative current injec-
tions (−10 to −50 pA). We found that the membrane resistance was 
increased in cocaine-treated rats compared with saline-treated 
rats (Figure 4d; P < .05, n sal/coc = 19/19). We also measured fast 
and medium components of AHPs (Figure 4e) and observed no 
differences in these 2 parameters between cocaine- and saline-
treated groups (Figure 4f; fAHP, P = .91, n sal/coc = 13/16; mAHP, 
P = .49, n sal/coc = 9/6). Thus, an increase in membrane excitabil-
ity is correlated with an increase in membrane resistance.

Membrane Excitability of LHb Neurons Following 
Long-Term Withdrawal from Cocaine

After observing that cocaine self-administration leads to an increase 
in the membrane excitability of LHb neurons 24 to 48 hours later, 

we then looked at a more protracted withdrawal time point at 
45 days to determine if these changes were persistent. The same 
cell characteristics measured at 24 to 48 hours of withdrawal were 
then measured after 45 days of withdrawal. Again, spike numbers 
at each current step were counted as a measure of the membrane 
excitability (Figure 5a). Two-way repeated-measures ANOVA using 
spike number as the dependent variable repeated at each current 
step for cocaine LT and saline LT treatment groups revealed no sig-
nificant effect of the treatment on the number of spikes across all 
current steps (F[1, 23] = 0.17, n = 25, P = .68). Thus, it appears that the 
initial cocaine-induced increase in membrane excitability returns 
to baseline levels at some time point after 48 hours of withdrawal 
(Figure  5b). Additionally, the membrane resistance no longer dif-
fered significantly from saline-exposed controls 45  days after 
the last cocaine exposure (Figure  5d). All other cellular measures 
including action potential threshold, fAHP, and mAHP also showed 
no statistical differences between treatment groups after LT with-
drawal (Figure 5c, e, f). Taken together, these results indicate that the 
cocaine-induced increase in LHb cell excitability returns to baseline 
at some point between 2 and 45 days of withdrawal from cocaine 
and is correlated with changes in membrane resistance.

Membrane Excitability of LHb Neurons Following 
Moderate-Term Withdrawal from Cocaine

After observing that the cocaine-induced increases in mem-
brane excitability and membrane resistance returned to 
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saline-control levels by day 45 of withdrawal, we decided to 
examine a 5- to 7-day moderate term (MT) withdrawal point to 
better understand the time course of these observed changes.  

Again, the same cell characteristics were measured at this 
MT time point as were measured at the ST and LT withdrawal 
time points. A  2-way repeated-measures ANOVA using spike 
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LHb neurons 24 to 48 hours after cocaine or saline self-administration training (saline/cocaine, n = 19/19; rats = 6/6). (c) Graph showing the mean threshold of action potentials 

(saline/cocaine, n = 19/19; rats = 6/6). (d) Graph showing the mean input resistance of LHb cells (saline/cocaine, n = 19/19; rats = 6/6). (e) Example of fast-decaying afterhyper-

polarization (fAHP) and medium-duration afterhyperpolarization (mAHP) measurement locations on a typical isolated spike trace. (f) Graph of mean fAHP (saline/cocaine, 

n = 10/8; rats = 6/6) and mAHP (saline/cocaine, n = 13/15; rats = 6/4) measurements relative to spike threshold. *, P < .05 based on ANOVA comparison in (b) and Ttest in (d).
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number as the dependent variable repeated at each current 
step for saline MT and cocaine MT treatment groups showed 
that the cocaine MT treatment had a significant increase in 
cell excitability (F[1, 35] = 5.39, n = 37, P < .05), similar to the 
cocaine ST treatment group (Figure  6a, b). Bonferroni’s mul-
tiple comparisons test was used to check for differences 
at each current step. This result reveals that LHb neurons 
maintain increased levels of excitability until at least 7 days 
after cocaine self-administration training (a Bonferroni 
posttest comparing withdrawal days 5–7 showed no differ-
ences between withdrawal days; P = 1.00 for all comparisons). 
Measurements of other cellular characteristics including the 
action potential threshold, fAHP, and mAHP again revealed 
no significant effects of cocaine at the MT withdrawal point 
(Figure 6c, e, f). However, the membrane resistance of LHb cells 
after MT withdrawal from cocaine self-administration was 
again significantly different from saline controls (Figure  6d; 
p < .01, n sal/coc  =  18/19), further supporting a correlation 
between membrane excitability and membrane resistance.

Discussion

The present study demonstrates that LHb RS neurons have 
increased membrane excitability 24 to 48 hours following self-
administration of cocaine, which lasts until at least 7 days after 
the last cocaine exposure. There was no difference in the distri-
bution of cell types, action potential threshold, or fast/medium 
duration hyperpolarization potentials within the LHb after 
cocaine self-administration. As an increase in membrane resist-
ance was observed in correlation with the increase in excita-
bility of LHb cells after ST and MT withdrawal, it seems likely 
that the observed increase in cell excitability is at least partially 

mediated by an increase in membrane resistance. This cocaine-
induced increase in intrinsic excitability amplifies LHb neuron 
signal transmission. Upon receiving equivalent input, LHb neu-
rons in cocaine-trained animals transmit a greater number of 
signals to downstream targets, enhancing the contribution of 
the LHb to the involved circuits. As the LHb appears to mediate 
negative affect and aversive behaviors, this amplification of LHb 
signaling may represent a drug-induced alteration contributing 
to the increased opponent processes and prolonged negative 
affect known to occur after cocaine and addictive drug use.

Early studies examining the functional and behavioral role 
of the LHb largely targeted the entire structure, treating it as a 
homogenous region. However, molecular and ultra-structural 
characterizations have revealed that the LHb is highly hetero-
geneous, with many potentially distinct subnuclei involved in 
specific circuits and functions (Andres et  al., 1999; Weiss and 
Veh, 2011; Aizawa et al., 2012). The present study recorded from 
neurons located in the parvocellular and central subregions of 
the medial LHb, which receive the majority of TH-positive pro-
jections from the VTA (Aizawa et al., 2012; Good et al., 2013). LHb 
neurons that receive TH-positive fibers from the VTA primarily 
send glutamatergic projections to the RMTg (Balcita-Pedicino 
et  al., 2011; Stamatakis et  al., 2013). The receiving neurons in 
the RMTg then send inhibitory projections to VTA dopamine 
neurons (Christoph et  al., 1986; Jhou et  al., 2009; Omelchenko 
et al., 2009; Stamatakis et al., 2013). Thus, if signals coming out 
of the LHb are tonically amplified after cocaine exposure, VTA 
dopamine neurons receive a greater amount of tonic inhibition 
from the RMTg, causing less dopamine to be released in reward-
related regions and reducing positive affect levels of an individ-
ual. This scenario supports the hypothesis that increased LHb 
neuron membrane excitability may contribute to the chronic 
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increase in negative affect states following cocaine and addic-
tive drug exposure.

Increased excitability is observed at least 7 days after the final 
cocaine exposure, at a time when all acute cocaine effects have 
subsided. This observed change therefore represents an enduring 
adaptation in the LHb, as it persists well beyond acute pharma-
cological effects of cocaine. However, the increase in LHb neuron 
excitability was not observed at a much later withdrawal time 
point of 45  days, indicating that it is not a permanent change. 
Thus, cocaine-induced adaptations in LHb neurons and any pos-
ited impact on negative affect appear to be reversible following a 
short-access cocaine regimen (2 hours per day for 5 days). Hence, 
there seems to be a window of time following cocaine exposure 
when LHb transmission is amplified. This window of amplified LHb 
signaling may be sufficient to trigger additional circuitry changes 
downstream, such as those found at LHb-to-RMTg synapses after 
cocaine exposure (Maroteaux and Mameli, 2012), particularly when 
considering the highly regulated and sensitive nature of LHb neu-
rons (Wilcox et al., 1988; Weiss and Veh, 2011). The cocaine regi-
men used in this study was relatively mild, and a longer or stronger 
cocaine treatment regimen may result in larger or longer-lasting 
cellular effects relative to the results observed here.

Additional analysis was done to further examine the cause of 
the increased excitability in LHb neurons after cocaine self-admin-
istration. A  number of membrane properties were measured, 
including the fast and medium components of AHP, the thresh-
old of action potentials, and the membrane resistance of recorded 
cells from saline or cocaine treated animals. No differences were 
found between any of the examined cell characteristics, save for 
the membrane resistance in the cocaine ST and MT withdrawal 
group (Table 1; Figures 4d and 6d). Collectively, these results sug-
gest that cocaine self-administration does not affect sodium 
channels or big/small conductance calcium-activated potassium 
channels of LHb cells and that these channels are not responsi-
ble for the increase in excitability. However, membrane resistance 
does appear to be correlated with an increase in excitability and 
can be affected by several factors—resting potassium channels 
being the principle mediators. Thus, if cocaine exposure were to 
increase dopamine signaling to LHb neurons by blocking reuptake, 
increased dopamine activity at LHb neurons (via D2 and D4 recep-
tors) could hypothetically result in intracellular signaling cascades 
leading to a reduction in the number of passive potassium chan-
nels at the membrane that could persist for days or weeks before 
returning to baseline levels. There are other potential factors that 
could lead to increases in membrane excitability, but further inves-
tigation into the identities of the specific channels or receptors that 
might be involved was beyond the scope of the present study. We 
therefore cannot make definitive conclusions about the underly-
ing mechanism by which cocaine self-administration may lead to 
increases in membrane excitability and resistance.

It is worth noting that all LHb neurons demonstrate clear 
rebound spiking following even brief and relatively weak hyper-
polarizing current injections, as has been previously reported 
(Wilcox et al., 1988; Gutnick and Yarom, 1989; Chang and Kim, 
2004; Weiss and Veh, 2011). This rebound spiking appeared to 
be dependent on the magnitude and length of the hyperpo-
larization stimulus and could last up to 30 seconds following a 
single hyperpolarizing period in some cases. This firing mecha-
nism is especially interesting at the level of the circuit, because 
it potentially allows both incoming excitatory and inhibitory 
signals to elicit subsequent excitatory output from LHb neu-
rons. This scenario has interesting implications regarding how 
plasticity develops within LHb pathways and how it may affect 
functional output and behavior. This question has apparently 

been underexplored to this point but seems to merit further 
investigation to determine the role of LHb rebound spiking in 
vivo. Interestingly, the rebound spiking patterns did not neces-
sarily match the spiking patterns during depolarization within 
the same cell. Some cells that showed RS spike patterns during 
depolarizing current injections then showed BF rebound spiking 
patterns, despite resting at a constant membrane potential.

LHb neurons are known to fire spontaneously in slices. 
However, observed spontaneous tonic firing in LHb neurons 
was highly variable. Approximately 30% of patched cells would 
demonstrate no spontaneous tonic firing, approximately 40% of 
cells would initially show spontaneous tonic activity but would 
progressively lose that activity within 20 minutes, and approxi-
mately 30% of cells showed consistent spontaneous tonic fir-
ing activity lasting for 30+ minutes. When present, spontaneous 
tonic activity generally occurred at 0.1 to 10 Hz for standing 
spikes or at 0.1 to 2 Hz for tonic bursts. However, even in cells 
that showed consistent spontaneous tonic firing, the firing rate 
for an individual cell often fluctuated between higher and lower 
frequency over time. For these reasons, attempts to measure a 
reliable and consistent rheo base or an average tonic firing rate 
were deemed to be too volatile and inconsistent within the pop-
ulation of sampled LHb cells to make any reliable interpreta-
tions or conclusions. Other studies have noted similar levels of 
heterogeneity or variability regarding spontaneous firing in LHb 
cells (Chang and Kim, 2004; Weiss and Veh, 2011). No obvious dif-
ferences in spontaneous tonic firing patterns or rates between 
LHb cells of cocaine- and saline-trained animals were apparent.

The VTA-to-LHb pathway is especially interesting, because the 
projecting neurons from the VTA have been shown to possess the 
TH marker for dopamine production while also possessing mark-
ers for GABA and glutamate release (Stuber et al., 2010; Stamatakis 
et al., 2013). There is evidence that these TH-positive VTA-to-LHb 
fibers do not actually release dopamine upon stimulation, but 
rather release GABA or glutamate (Stamatakis et al., 2013). On the 
other hand, cocaine has been shown to directly affect dopamine 
signaling within the LHb via D2 and D4 receptors (Good et al., 2013). 
The full picture of VTA-to-LHb signaling has yet to be revealed, but 
cocaine-induced changes to intrinsic membrane properties of LHb 
neurons would likely affect signaling sent along this peculiar path-
way. These intrinsic membrane adaptations would broadly affect 
signal transduction at LHb neurons across all input pathways.

The results of the current study may also have implications 
beyond cocaine and addictive drug-use, because LHb activ-
ity also appears to modulate other reward behaviors such as 
sucrose intake (Friedman et  al., 2011), presumably via similar 
pathways involving the RMTg and VTA. As the present study 
did not test rewarding stimuli other than cocaine, it is possible 
that LHb neurons have increased membrane excitability follow-
ing other rewarding stimuli. In future experiments, it would be 
interesting to see how LHb excitability is affected by other drugs 
or sucrose compared to cocaine and saline.

Taken together, the present study characterizes LHb neu-
rons in the parvocellular and central areas of the medial LHb at 
various time points after saline or cocaine self-administration 
and determines that LHb neurons have higher membrane excit-
ability 1 to 7 days after cocaine self-administration. This effect 
returned to baseline by 45 days of withdrawal from cocaine. This 
change in cell excitability was correlated with changes in mem-
brane resistance. As the LHb largely sends glutamatergic out-
put to regions including the RMTg, which then sends GABAergic 
projections to the VTA, this result has potentially important 
implications in the sensitization of negative affect and oppo-
nent processes following addictive drug exposure (Solomon and 
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Corbit, 1974; Koob and Le Moal, 2008), especially if this window 
of LHb signal amplification is sufficient to trigger additional 
long-lasting circuitry adaptations. Preventing or reversing these 
LHb neuron adaptations after cocaine exposure may assist in 
reducing chronic negative affect and reduce relapse.
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