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Abstract

Cocaine addiction is associated with dysfunction of the prefrontal cortex (PFC), which facilitates 

relapse and compulsive drug taking. To assess if cocaine’s effects on both neuronal and vascular 

activity contribute to PFC dysfunction, we used optical coherence tomography (OCT) and 

multiwavelength laser speckle (MW-LSI) to measure vascularization and hemodynamics, and used 

GCaMP6f to monitor intracellular Ca2+ levels ([Ca2+]in) as a marker of neuronal activity. Rats 

were given short (1hr; ShA) or long (6hr; LgA) access cocaine self-administration. As expected, 

LgA but not ShA rats escalated cocaine intake. In naïve rats, acute cocaine decreased oxygenated 

hemoglobin, increased deoxygenated hemoglobin, and reduced cerebral blood flow in PFC, likely 

due to cocaine-induced vasoconstriction. ShA rats showed enhanced hemodynamic response and 

slower recovery after cocaine, versus naïve. LgA rats showed a blunted hemodynamic response, 

but an enhanced PFC neuronal [Ca2+]in increase after cocaine challenge associated with drug 

intake. Both ShA and LgA groups had higher vessel density, indicative of angiogenesis, 

presumably to compensate for cocaine’s vasoconstricting effects. Cocaine self-administration 

modified the PFC cerebrovascular responses enhancing it in ShA and attenuating it in LgA 

animals. In contrast, LgA but not ShA animals showed sensitized neuronal reactivity to acute 

cocaine in the PFC. The opposite changes in hemodynamics (decreased) and neuronal responses 

(enhanced) in LgA rats indicate that these constitute distinct effects, and suggest that the neuronal 

and not the vascular effects are associated with escalation of cocaine intake in addiction whereas 

its vascular effect in PFC might contribute to cognitive deficits that increase vulnerability to 

relapse.
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Introduction

Cocaine is the most commonly abused psychostimulant in the United States. In 2015, 

approximately 36 million Americans used cocaine and 900 000 suffered from a cocaine use 

disorder (0.3% of the population; Center for Behavioral Health Statistics and Quality, 2016). 

The chronic use of cocaine has been linked to damage to the cerebrovascular system 

(Volkow et al. 1988) and serious adverse cerebral and cardiovascular events, including 

myocardial infarctions and cerebral hemorrhages and stroke (Qureshi et al. 2001; Toossi et 
al. 2010). In fact, use of cocaine within the previous 24 hours was associated with a 6.4-fold 

increase in the risk of an ischemic stroke (Cheng et al. 2016). These effects of cocaine are 

observed even in young adults, who are otherwise at a low risk for such events. Given the 

frequently unhealthy life styles of chronic drug users, including the co-morbid use of other 

drugs, isolating the effects of cocaine can be difficult; for this reason, effective animal 

models of drug use are essential.

The prefrontal cortex (PFC) is critical for executive function and is implicated in the loss of 

self-regulation and compulsive pattern of cocaine intake observed in addicted individuals 

(Volkow et al. 2016). Brain imaging studies in humans have shown that individuals suffering 

from a cocaine use disorder have reduced activity in the PFC, as measured by decreases in 

cerebral blood flow (Volkow et al. 1988) and in glucose metabolism (Volkow et al. 1992; 

Volkow et al. 1993), and by reduced grey matter volumes (Liu et al. 1998; Franklin et al. 
2002). PFC hypoactivity during abstinence is associated with cognitive impairments. For 

example, cocaine abusers have impairment in the Go-Nogo tasks, a measure of response 

inhibition, failing to inhibit responses on Nogo signals, that are associated with reduced 

activity in the anterior cingulate cortex (ACC; Kaufman et al. 2003) and PFC (Hester & 

Garavan 2004). Rodent models, have reported that chronic cocaine exposure changes the 

morphology (Robinson et al. 2001) and function (Nasif et al. 2005a; Nasif et al. 2005b) of 

PFC pyramidal neurons. As with humans, chronic cocaine in rats impairs PFC dependent 

executive function and response inhibition (Stalnaker et al. 2006; Allen & Leri 2014; George 

et al., 2008). Taken together, these studies highlight the importance of the PFC, and suggest 

that it is particularly vulnerable to the effects of chronic cocaine.

Here we tested the hypothesis that both neuronal and hemodynamic changes contribute to 

PFC dysfunction with chronic cocaine exposure. For this purpose, we concomitantly 

examined hemodynamic and neuronal effects of cocaine in the PFC of rats with a history of 

cocaine self-administration under short (1hr; ShA) or long (6hr; LgA) access conditions. The 

escalation model utilized here has both face and construct validity. First, one can show that 7 

of the 7 items in the DSM-IV and 7 of the 11 items in the DSM-V, including most of the 

criteria required for severe use disorder are met in this animal model and include tolerance, 

withdrawal, substance taken in larger amount than intended, unsuccessful efforts to quit, 

considerable time spent to obtain the drug, important social, work or recreational activities 
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given up because of use, and continued use despite adverse consequences (George et al., 

2014). Clearly, after significant escalation of drug intake, this animal model provides support 

for the loss of control over drug intake and is particularly useful as an animal model to study 

the transition to compulsive-like drug seeking behavior (defined here as habitual responding, 

responding to alleviate a negative emotional state, and responding in the face of punishment 

(Moore et al., 2017)).To assess hemodynamics in the PFC we used optical coherence 

tomography (OCT) to measure vascularization, and multiwavelength laser speckle (MW-

LSI) to measure dynamic changes in the concentration of oxygenated hemoglobin ([HbO2]), 

deoxygenated hemoglobin ([HbR]), and cerebral blood flow velocity (CBFv; Ren et al. 
2012; Zhang et al. 2016). To assess neuronal activity in PFC we used an 

AAV1.Syn.GCaMP6f.WPRE.SV40 virus to express GCaMP6f in neurons in the right PFC 

in order to monitor intracellular Ca2+ ([Ca2+]in), which serves as a marker of neuronal 

activity (Chen et al. 2013a). We hypothesized that animals who escalated their cocaine 

consumption would show enhanced neuronal excitability to acute cocaine exposure in PFC, 

whereas animals who did not increase their cocaine consumption would not. We also 

hypothesized that regardless of escalation, cocaine would lead to impaired perfusion in PFC.

Materials and Methods

Animals

Subjects were 28 male Sprague Dawley rats (Taconic), approximately 250–300g at the 

beginning of the experiment. Rats were kept on a 12:12hr light cycle (lights off at 1900hr), 

with ad libitum access to food and water throughout the experiment. All experimental 

procedures were approved by the Institutional Animal Care and Use Committee of Stony 

Brook University.

Virus Infusion

To measure changes in PFC neuronal activity (measured with [Ca2+]in), one week prior to 

commencing testing half of the rats (n=14) were anesthetized with isofluorane, mounted on 

a stereotaxic frame and their scalps were opened. AAV1.Syn.GCaMP6f.WPRE.SV40 virus 

(Penn Vector Core) was infused into the right PFC (A/P: +3; M/L: 0.8); two infusions of 

0.5µL were made (D/V: −1.4 and −1mm from skull) at a rate of 0.2µL/min, and the injector 

was left in place for 20min following each infusion to allow for diffusion. At the time of 

imaging, 5–6 weeks had elapsed since virus infusion to allow for GCaMP6f expression.

Cocaine Self-Administration

Experimental timeline is shown in Fig. 1A. Self-administration procedures were adapted 

from Wee et al. (2007). In brief, animals underwent a second surgery to implant a chronic 

indwelling catheter. Rats were anesthetized with isofluorane, and a 14.5cm piece of micro-

renthane tubing (MRE037) was passed from the rat’s back to the ventral side. An incision 

was made in the right jugular vein and the catheter inserted. The dorsal terminal of the 

catheter was attached to a 22 gauge cannula fixed with dental cement to a surgical mesh that 

held the cannula secure in the middle of the rat’s back (just posterior to scapula). Rats were 

flushed daily with heparin (60units/mL)/Cefazolin (150mg/mL) solution to maintain catheter 

patency and prevent infection. Following 1 week of recovery, animals began self-
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administration (acquisition) training. Rats were divided into two groups, administering either 

cocaine (1mg/kg/infusion; 100ul/infusion) or saline (active lever response resulted in 

100ul/kg/infusion of saline). All sessions during acquisition were 1hr in duration. Sessions 

commenced with the illumination of the house light and insertion of levers into the chamber. 

Pressing the “active” lever resulted in illumination of a cue light and a 4sec infusion. 

Following the infusion there was a 20sec timeout period during which the cue light remained 

illuminated and further responses had no consequences. Responses to pressing the “inactive” 

lever were recorded, but had no consequences. Animals remained in acquisition phase until 

they reached a criterion of 3 consecutive days with less than 10% variability in infusion 

number (Ahmed & Koob 1999). Animals were then transitioned into the escalation phase. 

Saline administering rats remained the same, but rats self-administering cocaine were further 

divided into two groups that had either a long (6hr), or continued to have a short (1hr) access 

sessions. All other parameters remained the same. Rats continued under these conditions for 

17 days (Fig. 1A). Twenty-four hours after the last cocaine self-administration session or 

saline session (for Naïve group), all animals were exposed to an acute cocaine challenge 

(1mg/kg intravenous) and their hemodynamic and neuronal responses measured (Fig. 1B).

PFC Imaging in vivo

Twenty-four hours following the last self-administration session, rats underwent surgery to 

implant a cranial window over the PFC, followed by MW-LSI and OCT imaging (Fig. 1C).

Surgical Preparation

For imaging, rats were anesthetized with isofluorane and a 16 gauge IV catheter was 

inserted into their trachea (Angiocath, BD) and attached to a respirator to control breathing. 

An incision was made proximal to the left hind limb to expose the left femoral artery and 

vein and catheters (0.58mm ID, 0.99mm OD, Scientific Commodities Inc.) were inserted 

into the femoral artery to monitor arterial blood pressure (MAP), and into the femoral vein 

for drug delivery during imaging. Rats were mounted on a stereotaxic frame (Kopf 900) and 

a 4×6mm2 portion of skull was removed above the frontal cortex (A/P: +2 to +5; M/L: −3 to 

+3). The dura was carefully removed to expose the brain surface and covered with 1.25% 

agarose gel and a cover glass (0.15mm thick; VWR micro coverglass) affixed to the skull 

using crazy glue (Gorilla Glue). The animal’s mean arterial blood pressure (MAP) (mean = 

82.28, SE=1.88), body temperature (37–39°C), and respiration (43 breaths/min) were 

monitored and recorded (Small Animal Monitoring and Gating system, model 1025L, SA 

Instruments Inc.), and end-tidal CO2 (pCO2) was monitored (Poet IQ2, Criticare 

Technologies) throughout the experiment and kept stable at 30–35mmHg.

Image Acquisition

We used an MW-LSI optical imaging system developed in our laboratory using procedures 

previously described (Chen et al., 2016). In brief, the cranial window was sequentially 

illuminated by 3 LEDs (λ1= 568nm, λ2= 630nm and λexcitation=488nm; Spectra Light 

Engine, Lumicor), and a laser diode (λ4= 830nm; DL8142-201-830, ThorLabs), at a rate of 

12.5Hz/channel. Images were captured with a zoom fluorescence microscope (AZ100, 

Nikon) connected to a sCMOS camera (pixel size: 6.5µm; Zyla4.3, Andor) using modified 

Solis software (version 4.26, Andor).
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In parallel, we used OCT (Yuan et al., 2011) to image the morphology of neurovascular 

networks in PFC. The OCT system utilized a broadband laser (λ=1.3µm, Δλ≥90nm; 

Inphenix) as illumination source to achieve axial resolution of 8µm. An achromate (f40mm/

0.1NA) was applied to focus the illuminating light beam and collect backscatter light from 

tissue. The lateral resolution was determined to be ~φ12µm. The output light from a 

spectrometer was captured by a line array detector which provides up to 140 fps A-line 

acquisition rate. A 2-D raster scanning system enables a field of view (FOV) of 5×4×2mm3.

Image acquisition was 40min in duration and consisted of a 10min baseline period followed 

by 30min of imaging after an injection of cocaine (1mg/kg iv). We selected the 1 mg/kg dose 

because it is a dose that is commonly used in self-administration studies, and it is equivalent 

to doses self-administered by cocaine abusers (Gatley et al., 1999). It also has the advantage 

of being a dose frequently used in rodent studies (Yuan et al., 2011; Du et al., 2006), which 

facilitates the comparisons of our results to those of others. For rats that administered saline, 

this was their first, and only, cocaine exposure and they are thus are labeled as the ‘Naïve’ 

group.

Image Processing

The hemodynamic changes in the cortical tissue, i.e., the changes in oxygenated hemoglobin 

(ΔHbO2) and deoxygenated- hemoglobin (ΔHbR) were calculated from λ1 and λ2 images 

obtained from MW-LSI system according to the equation:

[
ΔHbO2
ΔHbR

] =
εHbO2

λ1 εHbR
λ1

εHbO2

λ2 εHbR
λ2

−1

×
ln(Rλ1

(0)/Rλ1
(t)/Lλ1

(t)

ln(Rλ2
(0)/Rλ2

(t)/Lλ2
(t)

Where εHbO2

λ1 , εHbR
λ1 , εHbO2

λ2 , and εHbR
λ2  are the molar extinction coefficients for HbO2 and HbR 

at the two wavelengths, Rλ1(t) and Rλ2(t) are the measured diffuse reflectance matrices (2-D 

images) at these wavelengths, and Lλ1(t) and Lλ2(t) are the path lengths of light 

propagation, which are estimated to be =95.2um and =98.8um (Jacques, 2013). Cerebral 

blood flow velocity was calculated by reconstructing LSI flow image series by computing 

the speckle variances in both the spatial and temporal domains (Chen et al. 2016).

Changes in intracellular calcium concentration ([Ca2+]in) were calculated from fluorescence 

(λexcitation=488 nm, λemission=509 nm). To control for absorption differences due to blood 

flow changes, values in regions expressing GCaMP were divided by the equivalent left 

hemisphere region, which had no expression. Results are presented as the percent change 

from baseline, this controls for differences in GCaMP expression across different animals.

To assess vessel density, the optical coherence angiography (OCA) images were 

reconstructed using the speckle variation approach (Mariampillai et al. 2010), and 3-D 

optical doppler tomography (ODT) image reconstructions were performed by the phase 

subtraction method (Zhao et al. 2000). Frangi filter (Frangi et al. 1998) was utilized for 
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vessel segmentation and OCA image enhancement (see Fig. 6A–F for demonstration). The 

vessel skeleton was obtained from the segmented vessel mask using the skeletonize 

algorithm implemented in ImageJ (Arganda-Carreras et al. 2010). To quantify size-

dependent vasoconstriction induced by chronic cocaine, the skeleton was divided into three 

groups: small (<100µm), medium (100–200 µm) and large (>200 µm) vessels. Vessel density 

of each group was calculated by:

Density = Pixel# of  skeleton
Pixel # of  total area .

Statistical Analysis

Results are reported as mean ± standard error (SE). Data was analyzed using one-way or 

two-way mixed model analyses of variance (ANOVAs) as appropriate and the Student-

Newman-Keuls method was used for post-hoc analysis. All statistical tests were performed 

using SigmaStat software (Systat Software INC), and all alpha levels were set at 0.05, with 

only significant effects reported.

Results

Cocaine Self-Administration: Long access (LgA) animals show escalation of drug intake

LgA rats showed escalation of drug intake, while ShA rats did not. Fig. 2 shows the mean 

number of infusions taken (0 or 1mg/kg cocaine) across three day periods. A two-way mixed 

model ANOVA on drug taking in the first hour of session showed a significant group by day 

interaction [F(8,100)=2.03; p=0.05]. Post-hoc comparisons showed that both LgA 

(16.4mg/kg first hour cocaine, p<0.001) and ShA (13.8mg/kg/day, p<0.001) took more 

infusions than saline administering rats (3.0 infusions/day saline). While there is no 

significant difference between the first hour responding of LgA and ShA rats overall 

(p=0.1), the LgA rats do take significantly more cocaine during the first hour at the end of 

the escalation period (Fig. 2C; LgA= 18.4; ShA=14.6; p=0.029). One-way ANOVA on total 

6hr drug intake (Fig. 2A) for the LgA group also found a significant escalation in the 

number of infusions taken from the start (65.8mg/kg/day) to end (79.6mg/kg/day) of the 

escalation period [F(4,28)=3.7, p=0.015], while no significant changes were seen in the 

saline administering (3.1 infusions/day to 3.1 infusions/day; F(4,36)= 0.16, p=0.95) nor the 

ShA (12.8mg/kg/day to 14.6mg/kg/day; F(4,36)=1.88, p=0.14) rats. These differences are 

highlighted in Fig. 2B, which shows the change from start to end of the escalation period 

(day 10 to day 25) for each animal.

Oxygenated hemoglobin in PFC is temporarily decreased by acute cocaine

Acute cocaine decreased [HbO2] in PFC and this decrease was enhanced in ShA rats 

compared to ‘naive’ and LgA rats (Fig. 3). Panels A–C (Fig. 3) show representative images 

of the percent change in [HbO2] concentration over time following a 1mg/kg cocaine 

injection at time 0 (for naive animals, this was their first exposure to cocaine). A two-way 

mixed model ANOVA (Fig. 3D) indicated a significant group by time interaction 

[F(150,1500)=2.61, p<0.001], with post-hoc tests revealing that all groups had a significant 

reduction in [HbO2] following cocaine infusion. Specifically, naïve rats when injected 
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acutely with cocaine had a maximum [HbO2] decrease (Pa) of −27.75% (SE=2.29), and 

remained below baseline 1–25min post cocaine (p<0.05) with a mean latency to peak (Pt) of 

3.6min (SE=0.33). ShA rats had a greater [HbO2] decrease (Pa=−33.18%, SE=3.16; Pt=3.5, 

SE=0.25) than naive rats (2.5–6min post injection p<0.05), and the decrease did not fully 

recover during the imaging period (from 1–30.5min). LgA rats showed an attenuated [HbO2] 

decrease (Pa=−22.71%, SE=1.98, Pt=2.7, SE=0.5) from 1–13.5min (p<0.05), that was 

smaller than for naïve rats (4–12.5min post injection p<0.05) or for ShA rats (2–25 min post 

injection p<0.05). In ShA rats there was a significant correlation between cocaine-induced 

decreases in [HbO2] (Fig. 3E) and the number of cocaine infusions in the last day of the self-

administration period (Fig. 2B) (r=−0.94, p<0.001; Fig. 3F); such that the more infusions the 

larger the [HbO2] decreases. In LgA rats this correlation was not significant (r=0.14, p=0.76; 

Fig. 3G).

Cerebral blood flow velocity is reduced by cocaine

Acute cocaine caused a reduction in cerebral blood flow velocity (CBFv; Fig. 4). Panels A–

C show representative images of the percent change in CBFv over time following a 1mg/kg 

cocaine injection at time 0. A two-way mixed model ANOVA (Fig. 4D) found a significant 

group by time interaction [F(150,1350)=2.06, p<0.001]. Post-hoc analysis showed that all 

groups had a significant decrease in CBFv following the cocaine challenge. Naïve rats 

showed a decrease in CBFv of −20.11% (SE=1.57; Pt=4.75, SE=0.7); that lasted from 1–

10.5min post infusion; ShA rats had a decrease of −26.11% (SE=2.05, Pt=3.93, SE=0.44) 

that lasted from 1–17.5min post infusion; and LgA rats had a decrease of −20.16% 

(SE=2.23; Pt=3.57, SE=0.75) that lasted only from 1–6.5min post infusion. Furthermore, 

while there were no group differences between LgA and the naïve groups, differences 

between ShA and both the naïve and the LgA groups were significant in the later portion of 

the measurements, as ShA rats showed slower recovery than the other groups (Fig. 4D). 

Overall, the latency to peak amplitude was slower for CBFv (Pt=4.02, SE=0.37) than for 

either [HbO2] (Pt=3.3, SE=0.22) or [HbR] (Fig S1; Pt=3.02, SE=0.22) [F(2,38)=7.71, 

p=0.002], suggesting that the reduction in [HbO2] could not be solely accounted by a 

reduction in CBFv and might also reflect increases in cortical metabolism. Though the 

correlations between changes in CBFv and cocaine self-administration did not reach 

significance for the ShA or LgA rats, the associations were in the opposite direction (ShA: 

r=−0.66, p=0.11, Fig. 4F; LgA: r=0.56, p=0.19, Fig. 4G) and the difference in the slopes 

between the ShA and LgA was significant (z=2.39, p=0.008); for the ShA greater CBFv 

decreases tended to be associated with larger cocaine intake, whereas for the LgA larger 

CBFv decreases tended to be associated with lower cocaine intake.

Neuronal calcium concentration is increased by acute cocaine

Panel A of Fig. 5 shows a representative image of GCaMP6f neuronal expression in the right 

PFC, where the virus was infused. Fluorescence was primarily expressed in the anterior 

cingulate cortex (ACC), which has been implicated in reinstatement/relapse (Kalivas & 

McFarland 2003) and the prelimbic cortex (PrL), which has been associated with levels of 

drug intake (Chen et al. 2013b), as well as, reinstatement (Kalivas & McFarland 2003). A 

two-way mixed model ANOVA (Fig. 5C) revealed a significant time effect 

[F(79,632)=17.49, p<0.001] but no group [F(2,8)=0.21, p=0.82] or interaction effects 
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[F(158,632)=0.92, p=0.73]. Post hoc analyses revealed that cocaine induced increases in 

[Ca2+]in were significant for the three groups from 1.5–22min post injection. Though the 

group effects were not significant a planned comparison showed that the peak amplitude 

(Pa) in LgA (7.95%, SE=0.28) was significantly larger than in naive rats (5.50%, SE=0.73; 

t(6)=−2.47, p=0.048) and ShA rats (5.08%, SE=0.89, p=0.037) but there were no differences 

between ShA and naïve rats (p=0.74; Fig. 5D). For ShA and LgA rats, a significant 

correlation was found between the number of cocaine infusions at the end of the escalation 

period (day 25) and the maximal increase in neuronal [Ca2+]in (r=0.82, p=0.046; Fig. 5E).

Cocaine self-administration increases the number of blood vessels in PFC

OCT angiography revealed significantly higher density of small blood vessels (<100µm) in 

ShA and LgA than in naïve rats (Fig. 6). A two-way ANOVA showed a significant group by 

vessel size interaction [F(4,30)=4.25, p<0.01] (Fig. 6G). Post-hoc analysis showed that both 

the ShA (0.025, SE=0.001, p=0.001) and LgA (0.025, SE=0.001, p=0.001) rats had an 

increase in small vessels relative to naïve rats (0.021, SE=0.001), consistent with 

angiogenesis following chronic cocaine exposure. There were no differences in density for 

middle or larger vessels.

Discussion

Here we demonstrate that chronic cocaine self-administration differentially alters 

hemodynamic and neuronal [Ca2+]in responses in the PFC of rats. The nature of these 

alterations depends on the prior history of cocaine self-administration, with limited access 

(1hr) enhancing the hemodynamic responses (decreases in CBFv and tissue oxygenation) to 

acute cocaine, while extended access (6hr), which produced escalation of drug intake, 

blunting the hemodynamic response to acute cocaine but enhancing neuronal reactivity in 

PFC. Finally, we show that neuronal reactivity but not hemodynamic reactivity to cocaine 

correlated with doses of cocaine self-administered in both ShA and LgA rats suggesting the 

hypothesis that cocaine’s neuronal effects and not its vascular actions in PFC are likely to 

contribute to the escalation of drug intake during bingeing in addiction. On the other hand 

the reductions in CBFv in PFC during cocaine exposure may be hypothesized to contribute 

to cognitive deficits that increase vulnerability to relapse in addiction (Garavan et al., 2008; 

Gorini et al., 2014).

In drug naïve rats, acute cocaine decreased [HbO2], increased [HbR] (supplemental 

material) and reduced CBFv. These changes are most likely driven by cocaine-induced 

vasoconstriction (Ren et al. 2012); though changes in cortical metabolism might also 

contribute. Locally, constriction of cerebral vessels disrupts flow and reduces blood volume, 

limiting the availability of oxygen to the tissue. In the current study, [HbO2] reductions in 

PFC occurred more rapidly than CBFv decreases, indicating that they were initially 

triggered by neuronal activation and concomitant increase in oxygen metabolism reducing 

[HbO2] in the region. Therefore, these findings indicate that cocaine-induced decreases in 

[HbO2] reflect both increased local consumption of oxygen and cocaine-induced 

vasoconstriction resulting in CBFv reductions.

Allen et al. Page 8

Addict Biol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Following self-administration, ShA rats showed enhanced hemodynamic responses to 

cocaine. Compared to naïve rats, ShA animals had both a greater reduction in HbO2/CBFv 

and a slower recovery. This is consistent with our previous findings in rats that received 

noncontingent cocaine administration, which led to a sensitized cerebrovascular response to 

a cocaine challenge (Zhang et al. 2016). Though the mechanism(s) that contributed to the 

enhanced hemodynamic response in ShA animals are unclear, these might relate to cocaine’s 

dopaminergic and noradrenergic effects in DA and adrenergic receptors in cerebral blood 

vessels. ShA rats also showed a correlation between the number of self-administered cocaine 

infusions and the reduction in [HbO2] (as well as the increase in [HbR]; see supplemental 

material) following cocaine intake. Rats which took more cocaine had a greater reduction in 

blood oxygenation. This is consistent with a sensitization to the hemodynamic responses to 

cocaine in ShA rats. However, such a correlation was not observed in LgA rats, which were 

the only ones that escalated cocaine intake, which indicates that hemodynamic effects of 

cocaine in PFC are not involved in the escalation of cocaine intake.

During self-administration, LgA rats (6hrs of self-administration per day) displayed an 

escalation in cocaine intake that was not seen in ShA rats, which is considered analogous to 

the drug escalation observed in human addiction (Ahmed & Koob 1999) and has been 

argued to reflect a hedonic tolerance as brain reward thresholds increase (decreased reward) 

in parallel with escalation in cocaine intake (Ahmed and Koob, 1998). When tested 24hrs 

following their last self-administration session, LgA displayed a blunted hemodynamic 

response to a cocaine challenge relative to drug naïve and ShA animals, and showed an 

enhanced neuronal [Ca2+]in response when compared to drug naïve and ShA rats. The 

results in LgA rats, with cocaine inducing an attenuated hemodynamic response (blunted 

CBFv and [HbO2] decreases) may also reflect tolerance to the hemodynamic effects of 

cocaine, and differs from the findings observed after passive cocaine exposures which 

showed sensitized hemodynamic responses (Zhang et al. 2016). However, it is common for 

different effects to be observed between self-administered and experimenter-given cocaine 

(Hemby et al. 1997). Our finding of a blunted hemodynamic response to an acute cocaine 

injection in LgA animals is consistent with Lu et al. (2012) who also found a reduced BOLD 

signal in mPFC (PrL) and ACC following cocaine injection in rats with a history of cocaine 

self-administration (Lu et al. 2012).

Alhough the mechanism(s) underlying the blunted hemodynamic responses to cocaine under 

LgA conditions are unclear we postulate that they could reflect reduced sensitivity to the 

effects of cocaine on DA/NE neurotransmission. In the PFC, DA terminals have been found 

closely associated with capillaries and arterioles and stimulation results in vasoconstriction 

(Krimer et al., 1998). Imaging studies in human drug users have found that stimulant-

induced increase of DA is markedly attenuated in cocaine abusers, whether they are 

evaluated shortly after cocaine ingestion (Volkow et al. 2014), or after detoxification 

(Volkow et al. 1997). Similar blunting of dopaminergic response has also been observed 

following cocaine self-administration in rats (Calipari et al. 2013). Though most studies 

reporting on blunted DA increases with chronic cocaine exposures have focused on the NAc 

in rodents (Mateo et al. 2005) and additionally in the striatum in humans (Volkow et al., 

2014) it is unclear whether they are restricted only to brain reward regions or generalize to 

the rest of the brain. If similar changes in DA or NE reactivity were present in the peripheral 
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sympathetic system (Mo et al. 1999; Tella et al. 1992) of LgA rats, this could underlie their 

attenuated vasoconstriction. Indeed, chronic cocaine has been shown to change vascular 

sensitivity to NE as evidenced by an attenuated increase in in blood pressure and heart rate 

following a cocaine infusion (Tella et al. 1999). Such a change in vascular reactivity could 

also contribute to the observed blunting of hemodynamics in LgA rats. Finally, the 

attenuated hemodynamic response to cocaine in LgA rats could reflect an already reduced 

CBFv at baseline, as seen with repeated cocaine exposures (Zhang et al. 2016), which results 

in a ceiling effect.

In contrast to the attenuated vascular effects the LgA animals showed an enhanced neuronal 

response to acute cocaine compared to naïve rats. Notably, cocaine-induced [Ca2+]in 

increases were correlated with the amount of cocaine self-administered, which raises the 

hypothesis that the enhanced neuronal responses play a role in the escalation of cocaine 

intake in the LgA rats. While chronic cocaine use is associated in preclinical and clinical 

studies with hypoactivity of the resting PFC (Chen et al. 2013b, Volkow et al. 1992), 

enhanced PFC neuronal activity is found in cocaine abusers in response to stimulation by 

drugs or cues (Wayman et al. 2016; Volkow et al. 2005). In fact, we reported that following 

cocaine self-administration, pyramidal neurons in the medial PFC show a more depolarized 

resting membrane potential, and require a significantly lower stimulating current to evoke 

action potentials than those in drug naïve rats (Wayman et al. 2015; Wayman et al. 2016). 

This hyper-responsivity could account for the increase in neuronal [Ca2+]in induced by 

chronic cocaine observed in our current and previous studies (Nasif et al. 2005a; Nasif et al. 
2005b; Du et al. 2006). Further, our findings also reveal that in LgA animals there is an 

uncoupling between the vascular (where cocaine’s effects are blunted) and the neuronal 

adaptations (where excitability is enhanced) after chronic cocaine exposure. While the 

blunting of cocaine effects on vasoconstriction may seem beneficial, it could have 

deleterious implications for the individual. For the brain to function normally it requires a 

precise coupling between CBFv and neuronal activity to ensure that oxygen is delivered as a 

function of demand. The uncoupling of blood supply with neural activity could increase the 

risk for ischemia, contributing to the PFC deficits observed with chronic cocaine exposure.

While it is possible that the increase in Ca2+ fluorescence could be caused by the reduction 

in blood volume/flow rather than an increase in neural activity, this is unlikely since the 

reductions in hemodynamics were larger in ShA than in LgA rats, yet the increases in 

[Ca2+]in were larger in LgA rats. Furthermore, in all cases the effects reflect the interaction 

of acute cocaine with the history of cocaine self-administration; whereas saline injections 

did not trigger any significant changes in [Ca2+]in or CBFv (see supplemental).

Despite the enhanced PFC neuronal reactivity to an acute cocaine challenge in LgA 

compared to drug naïve rats, they showed attenuated [HbO2] and CBFv decreases. These 

blunted hemodynamic responses could reflect flow compensation as a result of the increases 

in vessel density (angiogenesis). Though we observed evidence for angiogenesis in ShA and 

LgA rats, both of whom had a higher density of small vessels (<100µm diameter), we 

observed enhanced CBFv and [HbO2] decreases following acute cocaine in ShA, which 

contrasted with the attenuated hemodynamic responses observed in LgA rats. The 

differences between ShA and LgA animals regarding their hemodynamic reactivity despite 
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similar increases in vessel density could reflect differences in the functionality of the new 

vessels (Zhang et al. 2016; You et al. 2017). We had previously shown increases in cortical 

vessel densities in rats with chronic passive (non-contingent) cocaine exposure that were 

associated with an increase in the levels of vascular endothelial factor, a marker of 

angiogenesis (Zhang et al. 2016). This indicates that angiogenesis is a response to the 

pharmacological effects of cocaine, and occurs whether cocaine is self-administered or 

experimenter given, presumably triggered by vasoconstriction-induced hypoxia (You et al. 
2017).

Since the neuronal and hemodynamic responses in the current study were measured while 

the rats were anesthetized, it is possible that the presence of isoflurane may have influenced 

the results. In fact, previous studies have found that isoflurane can cause internalization of 

DAT, enhancing the response to cocaine (Votaw et al., 2003, Byas-Smith et al., 2004). 

Similarly, Kufahl et al. (2009) found that rats anesthetized with isoflurane had greater fos 

expression in the frontal cortex following a cocaine challenge than rats anesthetized with α-

chloralose. This higher level of fos expression was closer to that observed in awake animals 

when challenged with cocaine (Kufahl et al., 2009). Isoflurane has also been shown to 

induce vasodilation (Du et al., 2009) and thus it is possible that it might have attenuated 

cocaine induced reductions in blood supply. However, since prior cocaine exposure history 

does not appear to interact with isoflurane effects (Mets et al., 2001; Bernards et al., 1997), 

if isoflurane enhanced neuronal excitability or attenuated hemodynamic effects of cocaine 

this would have occurred equally in the 3 groups of animals. So, while the magnitude of the 

effects might have differed had the imaging been done in awake animals, the differences in 

neuronal and vascular adaptations between the groups are likely to be consistent with those 

in awake animals. A second limitation of the current study is that only one injection of 

cocaine (at a dose used by cocaine abusers) was administered as a challenge dosing. Future 

studies should image animals while they are repeatedly self-administering cocaine to assess 

if hemodynamic and neuronal responses to cocaine differ throughout a self-administration 

session. However, such studies will require technological developments that will enable 

imaging of awake behaving animals for long time periods (i.e., 6 hours for LgA rats).

The current study demonstrates that cocaine self-administration produced cerebrovascular 

and neuronal adaptations that were dependent on the history of cocaine exposure. Limited 

access to cocaine produced sensitization of vascular effects similar to that observed 

following passive cocaine administration. On the other hand, extended access to cocaine 

resulted in a blunted response to the hemodynamic effects of cocaine but an enhanced 

neuronal reactivity in the PFC that was associated with the self-administered doses of 

cocaine. These results suggest that the escalation of cocaine intake is associated with an 

enhancement of neuronal reactivity to acute cocaine in PFC and this uncoupling between 

neuronal and hemodynamic responses is likely to contribute to the PFC dysfunction 

observed in cocaine abusers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Panel A displays a diagram of the experimental design. After catheter implantation, rats 

were divided into cocaine self-administering or saline administering (naïve) groups. The 

cocaine administering group was further subdivided into ShA and LgA groups for the 

escalation period. All animals underwent the window implantation and imaging 24hrs after 

their last session and received a cocaine infusion during imaging. Panel B shows a schematic 

diagram of the OCT system (left; CM, collimator; BBS, broadband source (λ ¼ 1.3 µm)) 

and MW-LSI (right) with 4 alternating light sources. Panel C shows representations of 

images produced from OCT and the 567, 630, 488, and 830 nm wavelengths of the MW-LSI 

system.
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Figure 2. 
Cocaine self-administration behavior showing escalation of drug in take. Panel A shows the 

mean number of infusions (0 or 1mg/kg cocaine) animals received during acquisition (grey 

shaded area) and escalation period. Data points represent 3 day averages (mean ± s.e.); * 

indicates significant difference from saline administering animals. Panel B shows the 

number of infusions at the start (circle) and end (triangle) of the escalation period for each 

animal; these points are highlighted in yellow on panel A. Panel C shows infusions during 

the first hour at the start and end of the escalation period; * indicates significant difference 

from the start, # indicates difference from short access. This shows significant escalation of 

drug intake in the LgA group.
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Figure 3. 
Dynamic response of [HbO2] following a 1mg/kg cocaine infusion was enhanced in ShA 

rats. Panels A (drug naïve), B (ShA), and C (LgA) show ratio images of [HbO2] in 

representative animals. Green indicates no change from before cocaine injection with greater 

decreases indicated by deeper shades of blue. Panel D shows the time course of change in 

the 3 groups following cocaine infusion on at time 0. Significant differences from the naive 

group (p <0.05) are indicated by * and bars. Panel E shows the mean and individual peak 

amplitude (Pa) from baseline. Panels F (ShA) and G (LgA) show correlations between the 

maximal deviation and the number of infusions obtained at the end of self-administration, 

with the regression equation, and r value displayed for each.
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Figure 4. 
Dynamic changes in CBFv following a 1mg/kg cocaine infusion. Panels A (drug naïve), B 

(ShA), and C (LgA) show ratio images of CBFv in representative animals. Green indicates 

no change from before cocaine injection with greater decreases indicated by deeper shades 

of blue. Panel D shows the time course of change in the 3 groups following cocaine infusion 

on at time 0. Significant differences from the naive group (p <0.05) are indicated by * and 

bars. Panel E shows mean and individual Pa from baseline. Panels F (ShA) and G (LgA) 

show correlations between the maximal deviation and the number of infusions obtained at 

the end of the self-administration, with the regression equation and r value displayed for 

each.
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Figure 5. 
GCaMP6f fluorescence showing enhanced response to 1mg/kg cocaine infusion in LgA rats. 

Panel A shows a representative surface image of the unilateral expression of GCaMP6f, the 

red line indicates approx. position of slice. Panel B shows a coronal slice displaying location 

of expression in the anterior cingulate cortex and the dorsal portion of the prelimbic cortex; 

the inset is a magnified slice showing cellular expression. Panel C shows the time course of 

fluorescence change resulting from a cocaine infusion at time 0. Panel D shows the mean 

peak amplitude of fluorescence for each group. Planned comparisons show that LgA have a 

significantly larger increase than in naïve rats (p<0.05). Panel E shows correlation between 

maximal [Ca2+]in and the number of infusions obtained at the end of the self-administration 

period (day 25), with the regression equation and r value displayed.
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Figure 6. 
OCT angiography showed increased density of small vessels following cocaine self-

administration. Panels A, B, and C show representative images of OCT angiography for 

naïve, ShA, and LgA animals respectively. Panels D, E, and F show the same images after 

correction to enhance contrast and vessel clarity. Yellow, blue, and green bars indicate 

exemplars of large, medium, and small vessels. Panel G shows the mean density of large, 

medium, and small vessels for each group. * indicates a significant (p<0.05) difference from 

the naive group.
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