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Summary

Cocaine is a highly addictive drug with complex pharmacological effects. Most preclinical 

imaging studies investigating the effects of cocaine in the brain have been performed under 

anesthesia, which confounds findings. To tackle this problem, we used optical imaging to compare 

the effects of cocaine in the awake versus the anesthetized state. For this purpose, we customized 

an air floating mobile cage to fit the multi-wavelength spectral and laser speckle optical imaging 

system and implanted a multi-layer cranial window over the mouse somatosensory cortex. Results 

showed significant differences in neuronal activity and hemodynamics at baseline and in response 

to cocaine between the awake and the anesthetized state (isoflurane anesthesia). Specifically, 1) at 

baseline isoflurane dilated cerebral vessels, increased cerebral blood flow and depressed neuronal 

Ca2+ activity compared to the awake state; 2) acute cocaine (1 mg/kg iv) vasoconstricted blood 

vessels (arteries and veins) and decreased cerebral blood flow and oxygenated hemoglobin in the 

anesthetized state but not in the awake condition; 3) cocaine increased the accumulation of mean 

intracellular Ca2+ in neurons in the anesthetized state but not in the awake condition; and 4) in the 

awake state acute cocaine increased neuronal activities (increased the frequency of Ca2+ 

transients) and increased neuronal synchronization. We also corroborated that in the wake state 

cocaine also disrupted neurovascular coupling. These findings indicate that both vascular and 

neuronal responses to cocaine are influenced by isoflurane anesthesia, which highlights the 

importance of imaging awake animals when studying the effects of cocaine or other drugs in the 

brain.
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1. Introduction

Cocaine is a highly addictive drug with adverse physiological effects (Center for Behavioral 

Health Statistics and Quality, 2016). In particular, the vasoconstricting effects of cocaine 

(Ren et al., 2012) reduce cerebral blood flow (CBF) (Volkow et al., 1988) and increase the 

risk for cerebrovascular accidents in those who consume it (Treadwell et al.,2007, Desai et 

al., 2017). In animal models chronic exposure to cocaine can also trigger cerebrovascular 

accidents associated with cocaine’s vasoconstricting effects (Ren et al., 2012, You et al.,

2017).

In rodents anesthetized with isoflurane, we reported that acute cocaine triggered 

vasoconstriction of cerebral blood vessels (Park et al., 2015), reduced CBF (You et al., 

2017), decreased the concentration of oxygenated hemoglobin in the somatosensory cortex 

(Zhang et al., 2016) and disrupted neurovascular coupling (Chen et al., 2016). However, we 

also observed that the anesthetic used influenced the hemodynamic responses to cocaine. 

For example, when rats were imaged under α-chloralose, acute cocaine temporarily 

increased CBF in the cortex whereas CBF was decreased under isoflurane (Du et al., 2009). 

In addition, others had shown that the neuronal effects of cocaine were sensitive to the 

anesthetic applied. For example, rats anesthetized with isoflurane had greater Fos expression 

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

(e.g. Kufahl et al., 2009). Moreover, the pharmacokinetics and specific binding of cocaine in 

the rat brain as assessed with positron emission tomography (PET) and [11C]cocaine 

differed for isoflurane (faster clearance and higher specific to non-specific binding) than for 

α-chloralose (Du et al., 2009). These findings highlight the importance of studying the 

effects of cocaine (as well as that of other drugs) in the awake brain to obviate the 

confounding effects from the interaction of cocaine with the anesthetic agent.

To tackle this problem, we developed an optical technique to image the brain in the awake 

mouse that allowed us to measure the vasculature and hemodynamics in the cortex and by 

combining it with a genetically-encoded calcium indicator expressed in cortical neurons, to 

simultaneously measure neuronal activity. This allowed us to investigate the effects of acute 

cocaine on neuronal [Ca2+]i (including mean neuronal [Ca2+]i and [Ca2+]i transients) along 

with the hemodynamic changes in the somatosensory cortex and to compare these responses 

between the awake and anesthetized state (with isoflurane). We hypothesized that cocaine-

induced hemodynamic changes (i.e., oxygenated hemoglobin (HbO2) and blood flow 

velocity (CBFv)) in the cortex would be attenuated in the awake compared to the isoflurane 

anesthetized state but that neuronal effects (neuronal [Ca2+]i) would be enhanced in the 

awake compared to the anesthetized state.
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2. Material and Methods

2.1 Animals

C57BL mice of 6 to 8 weeks old were used (n= 12; 6 male, 6 female). Animals were kept on 

a 12:12hr light cycle, with ad libitum access to food and water throughout the study. All 

experimental procedures were approved by the Institutional Animal Care and Use 

Committee of Stony Brook University.

2.2 Surgery and animal training

2.2.1 Viral injection: To measure neuronal activity mice were injected with a virus 

expressing the fluorescent intracellular calcium ([Ca2+]i) indicator, GCaMP6f (AAV1-Syn-

GCaMP6f-WPRESV40) (PENN Vector Core). GCaMP6f was selected because of its stable 

expression and negligible bleaching for imaging (Lin et al.,2016, Chen et al., 2013). All 

surgical tools were presterilized by autoclave. Mice were mounted on stereotaxic (Kopf. 

Model 942) under anesthesia (~2.0% isoflurane in O2). A small hole was drilled (Foredom 

K.1070) into the skull over the somatosensory cortex (A/P −2.0, M/L −2.0), and ~0.4ul of 

GCaMP6f was infused 400μm below the brain surface (HAMILTON 65458–1). The virus 

was infused slowly for ~ 20 min and the injector was left in place for 15 min to allow for 

complete absorption by the brain tissue. After the injection, the animals recovered for 3 

weeks to allow for the expression of GCaMP6f in neurons and were then implanted with a 

cranial window for repeated imaging.

2.2.2 Cranial Window: A multi-layer cover-glass (inner layer: 0.3mm, outer layer: 

0.15mm) was prepared before the surgery by cutting two pieces of 2 × 2mm (inner layer) 

and one piece of 4 × 4mm (outer layer) (Fisherbrand, Microscope cover glass, 12–540-B), 

then attaching the three layers with UV-curing optical adhesive (THORLABS Norland 68) 

(Goldey et al., 2014). Three weeks post GCaMP virus injection, the multi-layer cover glass 

was implanted ensuring that the gap between the removed-skull and the brain was filled up 

to immobilize the brain tissue and minimize motion artifacts during imaging. Specifically, a 

2.5 × 2.5mm cranial window was created over the SSC region (A/P −2.0, M/L −2.0) and the 

inner layer of the cover glass (2 × 2 mm) was pressed into the cranial window and attached 

to the brain surface. Two micro screws (Component supply co. MX-0090–01SP) were 

attached to the side of the skull, and the head-plate was affixed above the window. All 

components were secured with dental cement (H.E. Parmer Co. Inc., MIA622) (Goldey et 

al., 2014).

2.3 Mobile Cage (treadmill)

For in vivo imaging, the mouse was placed in a custom ‘floating cage’ (treadmill) to allow 

us to image an awake moving animal. This cage was constructed from a light carbon fiber 

(ACP Co. cage wall: CFL-TW-10–1, cage bottom: CFL-TW-15R) and placed on an air table, 

which floated the cage approximately 0.7mm above the table surface when activated 

(Supplemental Fig. S1 A). Since the cage floor shifted when the mouse attempted to walk, it 

created the illusion of free movement for the mouse while keeping the position of its head 

stationary (Kislin et al., 2014). Thus, head movement was minimized by the head fixation. 

The platform and cage assembly was mounted under the image probe of our custom multi-
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modal optical imaging platform (MIP). A transitional head holder, consisting of cross bars 

(McMaster, 8364T7) fixed with head-plate between the floating cage and the MIP, was used 

to quickly and accurately position the mouse head for imaging. For comparisons between 

the anesthetized and awake states, a custom isoflurane nosepiece was attached to the animal 

head holder to ensure stable anesthesia.

2.4 Training

To habituate the animals to the imaging procedure and minimize motion artifacts, animals 

were trained under the same condition as when imaged in the awake state. Supplemental 

Fig.S2 summarizes the timeline for animal training. Two-day training was conducted using 

procedures reported elsewhere (Tran et al., 2015) but with extended, multiple training 

sessions, which included: 1) placing the animal on the air floating mobile cage and mounting 

the head-plate to a fixed-frame on the image stage to stabilize the relative position between 

the animal’s head and the imaging probe, and 2) turning the light source to deliver the light 

through the cranial window using a time-sharing scheme to ensure multi-channel light 

exposure to simulate the imaging condition. The detailed training protocol is illustrated in 

Supplemental Fig. 2 (Inset plot), indicating how the training time was progressively 

increased from 5 min in the beginning to 10, 20, and 40 min with 10 min breaks between 

training sessions. To isolate from extraneous stimuli (Dombeck et al., 2007), we draped the 

imaging probe area with black cloth and turned off all the lights in the lab to minimize 

ambient visual and sound stimulations. We corroborated that the animals were properly 

trained and presented no obvious signs of stress during the awake imaging sessions based on 

visual inspection of their behaviors (e.g. vocalization and tendencies of motion) (Kistlin et. 

al 2014; Madularu et. al 2017).

2.5 Multi-modality optical imaging of brain in vivo

In this study, we targeted imaging at 4 weeks post viral transfection since we recently 

showed that a 4–5 week period post viral transfection period provides the maximal neuronal 

Ca transients over background florescence signal (Gu et al., 2018). Specifically, in week 3 

after viral injection of GCaMP6f, we prepared animals, including surgery for cranial 

window, head-plate implantation and animal training as per Supplemental Fig.S2, followed 

by optical imaging in week 4. A custom multi-modality optical imaging platform (Yuan, et 

al, 2011) that combined fluorescence imaging, optical intrinsic signal imaging (OISI) and 

laser speckle contrast imaging (LSCI) was used to simultaneously detect neuronal Ca2+ and 

hemodynamic changes in the mouse cortex. As illustrated in Fig. 1b, three LEDs at the 

wavelengths of λHbT= 568nm, λHbR= 630nm and λExcitation=488nm (Spectra Light Engine, 

Lumicor) and one laser diode at λCBFv=830nm (DL8142-201-830, Thorlab) illuminated the 

cortical surface for hemodynamic and fluorescence imaging and for LSCI imaging of the 

relative cerebral blood flow velocity change (ΔCBFv). A scientific camera (sCMOS) was 

synchronized with the 4 illumination channels via an a data acquisition card (PCI-6221, 

National Instrument) for sequential image acquisitions with 10ms exposure per 

channel(Chen et al., 2016). Two different animal imaging protocols were used for the in vivo 
experiments. One imaging protocol was designed to track the hemodynamic and neuronal 

Ca2+ changes before and after cocaine, during which the changes in oxygenated(ΔHbO2), 
deoxygenated-hemoglobin (ΔHbR), cerebral blood flow velocity (ΔCBFv), vesicular 
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diameter and neuronal [Ca2+]i fluorescence (ΔF) as a function of time were obtained. To 

accommodate long period tracking of brain status changes before and after cocaine, image 

acquisition was performed at 1 frame per second (1 fps or 1Hz) for each channel over 40 

min, i.e., 5min baseline followed by 35min after cocaine injection (1mg/kg i.v.). The other 

imaging protocol aimed at investigating the rapid neuronal [Ca2+]i transients, only single-

channel fluorescence imaging (i.e., ΔF/F) was performed at 80Hz for a total of 5min, 

including 2min at baseline and 3min post cocaine injection (1mg/kg, i.v.).

To compare the differences in cocaine-induced neuronal [Ca2+]i and hemodynamic changes 

between the awake and anesthetized states, 2 sequential injections of cocaine (1mg/kg iv per 

injection) were administrated 1hr apart to allow for the clearance of cocaine from brain and 

to restore the physiological condition to baseline levels. To switch from the awake to the 

anesthetized condition, mice were given 2% isoflurane (Supplemental Fig.S1B) and 

maintenance of anesthesia was confirmed by a lack of pain response and stable breathing 

rates (Small Animal Instrumentation Inc, Model 1025L). Saline injections (0.1ml) were used 

in the control group for comparison. For each animal, we compared the effects of acute 

cocaine for neuronal Ca2+ and hemodynamic changes in awake versus anesthetized 

conditions.

2.6 Data Analysis

We first applied open-source image stabilization plugin function in Image J to all of the 

image stacks for minor motion correction and for image registration from frame to frame. 

We then split the 4-channel image stacks and performed post image processing to 

characterize the hemodynamic and [Ca2+]i fluorescence changes. The changes in 

intracellular [Ca2+]i, vessel diameter (ΔØ), ΔHbT, ΔHbR, and ΔCBFv were quantified as 

percentage change relative to the baseline. For instance, ΔHbO2(%) was derived by (Dunn et 

al. 2003, Luo et al., 2009):

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)

(1)

where the molar extinction coefficients (ε) refer to the molar spectral absorptivities of the 

chromophores, i.e., HbO2 and HbR. As ε is wavelength dependent, εHbO2

λ1 , εHbR
λ1 , εHbO2

λ2 , 

εHbR
λ2  represent the extinction coefficients of these two chromophores at λ1=568nm and 

λ2=630nm. Rλ1
, Rλ2

 are the diffuse reflectance at two wavelengths, and Lλ1
 and Lλ2

 are 

estimated pathlengths of light propagation (Dunn et al., 2005, Jacques et al., 2013). 

ANOVAs and multiple comparisons, using Bonferroni correction, were performed using 

SigmaStat software.”
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The mean [Ca2+]i fluorescence was calculated by extracting multi-ROIs (~10 ROIs; 

50~350μm of diameter each) in brain regions with apparent fluorescence and free of large 

blood vessels. Additionally, ~6 ROIs were extracted away from the viral injection spot to 

compensate for the influence of cocaine-induced blood absorption changes (e.g., ΔHbT) on 

the measured GCaMP fluorescence emission (Yuan et al., 2011, Gu et al., 2018). The 

fluorescence intensity changes of individual neurons (i.e. ΔFi(t)/F) were measured and the 

neuronal activity frequencies (numbers of fluorescent Ca2+ transients, i.e., ΔFi(t)/F per 

second) were quantified based on the intensity change patterns. Then, mixed-model analysis 

of variance (ANOVA) was applied to determine significant differences between groups and 

changes over time, multiple comparisons were performed using Bonferroni correction.

All statistical analyses were performed with Sigma Stat (Systat Software) with p<0.05 for 

significance. Frequency spectrum of neuronal Ca2+ transients was determined by Fourier 

transform (FFT) and short-time Fourier transform (STFT) to characterize the frequency 

distribution of spontaneous neuronal activities and their changes with time (Chen et al., 

2018). Neuronal activities in the frequency domain were analyzed and fitted as a Gaussian 

distribution to determine the full-width half-maximum (FWHM) bandwidth of the neural 

activities before and after cocaine to assess whether synchronization of neuronal activity was 

affected by cocaine.

3. Results

3.1 Isoflurane induces dilation in arteries and veins, increases blood flow and decreases 
neuronal Ca2+

Figure 2a shows a representative image of the vascular network obtained from the cortex 

(top panels) and the dynamic map of their corresponding CBFv changes (bottom panel) 

before (t=2min, a0) and after isoflurane induction (t= 4min in a1 t=16min in a3), in which the 

red and blue arrows identify the selected regions of interest (ROIs) for arteries and veins. To 

determine the effects of isoflurane on vessel diameter, we tracked the time-lapse diameter 

changes of veins (blue curve) and arteries (red curve) before and after induction of 

isoflurane (Fig.2b1–b4). An one-way repeated measure ANOVA on the vein’s diameter 

showed a significant time effect [F(11,33)=20.76, p<0.001] (N=16; n=4, ROIs=4/animal). 

Multiple comparisons showed that diameters of veins increased from 30.31±6.5μm to 

40.1±7.3μm (p<0.001) at 25 sec after anesthesia and stabilized at 37.8±7.4μm (p<0.001) 

after 125 sec, reflecting an average diameter increase of Δϕ=26.73±8.1%. Similarly, one-

way repeated measure ANOVA showed a significant effect of time on the arteries diameter 

[F(11,33)=29.92, p=0.002] (N=16; n=4, ROIs= 4/animal). Multiple comparisons showed 

that arteries dilated from 14.65±0.35μm to 24.0±2.68μm at 25 sec after anesthesia (p<0.001) 

and stabilized at 25.38±1.8μm (p<0.001) with an average diameter increase of 

Δϕ=66.8±13.56% after 125 sec. Repeated measure ANOVA also found that isoflurane also 

increased CBFv in veins [F(11,33)=4.93, p<0.001] (N=16; n=4, ROIs=4/animal) for nearly 

100 sec. Specifically, CBFv in veins significantly increased to 72.9±42.1% from baseline 

after 50 sec of isoflurane induction (p=0.02) and peaked to 78.43±34.17% at 75 sec 

(p=0.01). Isoflurane also increased CBFv in arteries [F(11,33)=5.46, p<0.001] (N=16; n=4, 

ROIs=4/animal) for around 200 sec (Figure 2b3). Multiple comparison showed CBFv in 
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arteries increased to 138.34±42.9% from baseline at 25 sec after isoflurane induction and 

peaked to 181.52±42.12% at 50 sec (p<0.001). A comparison of the changes at 3min after 

isoflurane revealed a significant difference between diameter increases in arteries 

(60.9±13.69%) and in veins (27.31±7.2%) [F(1,3)=7.37, p=0.01] (Fig.2b2) and between 

CBFv increases in arteries (118.42±38.25%) and in veins (63.37±25.36%) [F(1,3)=23.38, 

p=0.013] (Fig.2b4).

In the above study, awake recordings preceded those in the anaesthetized state. To evaluate 

whether the order influenced CBFv, we measured CBFv(t) before, during, and after the 

interruption of isoflurane anesthesia (Supplemental Fig.S1B). The results showed that the 

transition of the changes in CBFv between the awake to the anesthetized stated occurred 

within ~1min and that upon interruption of isoflurane CBFv fully recovered to its baseline 

preanesthetic levels within 1min. This indicates that isoflurane-induced hemodynamic 

changes were transient and had no lingering effects.

Meanwhile, isoflurane significantly decreased neuronal [Ca2+] fluorescence in cortex 

[F(23,207)=968.35, p<0.001], including mean Ca2+ fluorescence (F) the Ca2+ activity 

change (ΔF(t)) (Fig.2c0). Specifically, F decreased −23.31±2.89% from 1905.72±56.5 a.u. to 

1309.95±723.2 a.u. (p<0.001) within 40 sec and stabilized at 1284.16±383.1 a.u. or reduced 

67.7±6.1% after 5 min (p<0.001, n=4; Fig.2d1). Additionally, there was a reduction in ΔF(t) 

from awake to anesthetized state [F(1,9)=28.029, p<0.001]. If expressed as the relative Ca2+ 

fluorescence change, i.e., ΔF(t)/F decreased from 3.23±0.2% in awake state (t=-10 to 0 min; 

Fig.2c) to 1.36±0.31% in anesthetized state (i.e., from t=40 to 50 min; Fig.2c), which 

indicates that isoflurane anesthesia reduced neuronal Ca2+ fluorescence activity.

3.2 Cocaine induced vasoconstriction in anesthetized but not in awake mice

Figure 3 shows cocaine-induced vessel diameter changes (t=0, 1mg/kg iv) in arteries (red 

curve & bar) and veins (blue curve & bar) in the anesthetized (Fig.3a) and awake (Fig.3b) 

states. In the anesthetized state (n=4) cocaine significantly reduced the diameter of veins 

[F(147,49)=3.39, p<0.001] (N=20; n=4, ROIs=5/animal) and arteries [F(147,49)=1.66, 

p=0.01] (N=20; n=4, ROIs=5/animal). At 2.5min post cocaine, it decreased 5.16±1.9% 

(n=4) from 41.34±8.1μm to 38.8 ± 8.5μm in veins and 4.37±1.1% (n=4) from 25.8±4.1μm to 

22.6±4.4μm in arteries (Fig.3a). However, in the awake state the vessel diameter changes 

were not significant for neither veins [F(147,49)=0.89, p=0.68] (0.8±3.2%, n=4) nor arteries 

[F(147,49)=0.95, p=0.56](-0.77±4.0, n=4) (Fig.3b).

3.3 Cocaine decreased CBFv and HbO2 in anesthetized but not in awake animals

As hypothesized, the vasodilation induced by isoflurane affected the hemodynamic 

responses to acute cocaine. Figure 4a shows CBFv maps at baseline (e.g., t=0min) and 

t=25min after cocaine in the awake (a0 & a1) and anesthetized (a3 & a4) states. Figure 4b1 

and c1 show the time courses of CBFv (Fig.4b) and HbO2 (Fig. 4c) changes in arteries, veins 

and cortical tissue in awake (solid green) and isoflurane (solid orange) conditions. A two-

way repeated measure ANOVA showed a significant interaction between consciousness state 

and time (post injection) in CBFv [F(34, 102)=2.58, p<0.001]. The CBFv decrease after 

cocaine was significantly larger in anesthetized than in awake mice (Fig.4b1). One way 
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repeated ANOVAs for cocaine-induced CBFv changes run separately for the awake and 

anesthetized states showed that the effects of cocaine on CBFv were not significant in the 

awake state [F(34,102)=1.51, p=0.06], whereas CBFv decreased significantly in the 

anesthetized mice [F(34,102)=5.66, p<0.001]. Multiple comparisons showed that CBFv was 

significantly reduced at 3–30 min post cocaine in the anesthetized mice. Comparison of 

cocaine-induced CBFv changes (ΔCBFv) between the anesthetized (-14.9±4.9%) and the 

awake (5.75±6.3%) states was significant (n=4, t=2.57, p=0.04) (Fig.4b2).

Cocaine caused a significant decrease in ΔHbO2 in the anesthetized but not in the awake 

state (Fig.4c1). A two-way repeated ANOVA found a significant interaction between 

consciousness state and post-injection [F(34,102)=3.17, p<0.001]. Multiple comparisons 

found that relative to the awake state, anesthetized animals showed a significant decrease at 

6, 7, and 11–30 min post injection. This pattern was similar to that of ΔCBFv, with the 

differences being most pronounced 10–30min post injection. Separate one-way repeated 

ANOVA showed that for the awake condition cocaine did not change ΔHbO2 relative to 

baseline [F(34,102)=0.76, p=0.82], whereas in the anesthetized state cocaine decreased 

ΔHbO2 [F(34,102)=8.35, p<0.001]. Multiple comparisons in the anesthetized animals 

showed that ΔHbO2 was decreased below baseline from 2–30 min post injection (Fig.4c1). 

Fig.4c2 shows that ΔHbO2 in the anesthetized state (i.e., −5.11±0.82%, n=4) differed 

significantly from that in the awake state (0.36±1.83%, t=2.72, p=0.03).

We also assessed the correlations between ΔHbO2 and ΔCBFv for the anesthetized and the 

awake states from 5 min before to 10 min after cocaine administration. There was a 

significant positive correlation between ΔHbO2 and ΔCBFv in the anesthetized 

(R(899)=0.90±0.26, p<0.001) (Fig.4d1) and in the awake states (R(899)=0.61±0.35, 

p<0.001) (Fig.4d2). These results indicate the close relationship between ΔHbO2 and ΔCBFv 

responses to cocaine and that this relationship is conserved under anesthesia despite the 

enhancement of cocaine’s effect. Furthermore, this data supports the hypothesis that 

cocaine-induced reduction in cerebral blood flow induces the reduced tissue oxygenation 

observed in the cerebral cortex.

3.4 Cocaine affected neuronal [Ca2+]i in the awake and anesthetized states

Figure 5a0–a1 and b0–b1 show images of intracellular neuronal calcium ([Ca2+]i) 

fluorescence from the somatosensory cortex before and after cocaine, respectively. Fig.5a2 is 

the ratio image of Fig.5a1 (t=3min after cocaine) over Fig.5a0 (t=0 min, baseline) from an 

awake animal, Fig.5b2 is the ratio image from an anesthetized animal. Fig.5a3&b3 are the 

time course [Ca2+]i fluorescence intensity change (i.e. ΔF(t)/F %) in the selected ROIs (e.g., 

dashed circles in Fig.5a2&b2) in the awake and anesthetized conditions, showing that the 

mean [Ca2+]i in the cortex (solid lines) did not change in the awake animal but increased in 

the anesthetized animal. Statistical results cross groups are summarized in Fig.5a4&5b4. In 

the awake condition, [Ca2+]i averaged over 5 min before and after cocaine (dashed boxes in 

Fig.5a3) shows a nonsignificant decrease over its background from 0.26±0.38% at baseline 

(averaged over 5min before cocaine) to −0.72±1.32% after cocaine, and the difference was 

not significant (repeat measure ANOVA [F(14,28)=1.1, p=0.39], n=3) (Fig.5a4). In the 

anesthetized state, however, [Ca2+]i fluorescence increased significantly from 0.07±0.07% at 

Park et al. Page 8

Neuroimage. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



baseline to 1.86 ± 0.15 % after cocaine [F(14,56)=8.16, p<0.001, n=5] (Fig.5b4). Multiple 

comparison showed 1.82±0.31% [Ca2+]i increase after cocaine (t=5min, p=0.003).

The fast fluorescence variations observed in awake animals (Fig.5a3) correspond to Ca2+ 

spikes that reflected synchronized neuronal activities within the selected ROI (e.g., red circle 

in Fig.5a2). For awake animals, the dashed boxes in Fig5.a3 show no significant difference in 

neuronal mean [Ca2+]i fluorescence between baseline (averaged over 5min before cocaine) 

and after cocaine, but the frequency of [Ca2+]i activities averaged over 5min increased 

significantly from 15.8±5.3 count/min at baseline to 18.2±3.2 count/min after cocaine 

(p=0.04). For anesthetized animals, there was a significant increase in mean [Ca2+]i 

fluorescence after cocaine (Fig.5b4), but the frequency of [Ca2+]i activities decreased 

significantly from 7.4±2.9 count/min at baseline to 3.16±1.7 count/min after cocaine 

(p=0.03). Taking together, in anesthetized animals, cocaine increased neuronal intracellular 

[Ca2+]i accumulation but decreased neuronal Ca2+ transient activity whereas in awake 

animals, cocaine did not change neuronal intracellular [Ca2+]i accumulation but increased 

neuronal Ca2+ transient activity.

3.5 Cocaine increased neuronal [Ca2+]i transients in awake animals

Neuronal Ca2+ fluorescence in brain was much higher in the awake than in the anesthetized 

state (i.e., ~32.9% higher, Fig.2c above), which allowed us to detect Ca2+ transients from 

individual neurons in the awake condition (e.g., bright spots in Fig.5d2), but not in the 

anesthetized state. To characterize cellular neuronal activities before and after cocaine, we 

applied 80Hz fluorescence image acquisition to capture [Ca2+]i transients (ΔFi(t)/F) from 

individual neurons within a large field of view. Background subtraction was applied to 

enhance visualization of individual neuronal activity (Fig.6a) and accurately count the 

number of activated neurons in each frame. Fig.6b shows that the average active neuron 

counts were 52 per frame at baseline and increased to 99 neurons at 2.4 min after cocaine 

(high status pointed at Figs.6a&b).

In parallel, short-term Fourier transform (STFT) analysis revealed that cocaine increased 

neuronal activity in the awake state (Fig.6c), which is in agreement with the increased 

frequency of neuronal Ca2+ transients in Fig.5a5 above. The power spectral density (PSD) 

used to quantify neuronal activation peaked at ~0.5 with a central frequency ~0.15Hz before 

cocaine, but it increased to ~1.62 with a peak frequency at ~0.09Hz after cocaine (Fig.6d). 

The bandwidth of PSD analyzed with Gaussian fitting (green lines, Fig.6d) decreased from 

~0.12Hz at baseline to ~0.08Hz after cocaine (Fig.6d1&d2). Statistical analyses showed that 

cocaine increased PSD (n=5, p=0.02) and decreased both the bandwidth (Fig.6e1 n=5, 

p<0.001) and the central frequencies of neuronal activation (Fig.6e2, n=5, p=0.03).

Additionally, cocaine enhanced the synchronization of neuronal activities based on the 

quantification of the correlation between individual neurons. As illustrated in Fig.6f, 10 

neurons (1–10 in Fig.6a) were randomly selected to dynamically track their ΔF(t) at baseline 

and after cocaine. ΔF(t) spikes in these neurons were random and not coordinated 

temporally with each other before cocaine (t<0min); after cocaine (t=1min), they became 

more active and synchronized. Fig.6g shows the correlation coefficient between the neuronal 
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activities significantly increased from 0.37±0.08 at baseline to 0.51±0.1 after cocaine 

[F(4,9)=7.84, p=0.04, n=5 mice] (Fig.6h).

4. Conclusion and discussion

In this study we examined the effect of isoflurane anesthesia on cerebral vasculature, 

hemodynamics, and mean intracellular [Ca2+]i fluorescence (F) and [Ca2+]i transients (ΔF/F) 

from neuronal populations in mouse cortex compared to the awake state. We also compared 

the effects of acute cocaine between the awake and anesthetized conditions and showed 

significant effects of anesthesia on cocaine effects. At baseline isoflurane induced dilation of 

veins and arteries and increased CBFv, while simultaneously depressing neuronal activity as 

measured by mean [Ca2+]i fluorescence intensity and [Ca2+]i transients (corresponding to 

average activities across neurons in the field of view). When cocaine was given in the 

anesthetized state it triggered vasoconstriction of veins and arteries and reduced CBFv; 

whereas these hemodynamic changes were not observed when cocaine was given in the 

awake state. Additionally, in the anesthetized but not in the awake state, cocaine increased 

mean [Ca2+]i fluorescence. However, analyses of cocaine’s effects in the awake state 

revealed that it increased [Ca2+]i transients in neuronal populations and it increased the 

number of neurons that showed [Ca2+]i transients. The enhanced neuronal activation by 

cocaine in awake animals but not anesthetized is consistent with prior findings from 

Koulchitsky et al (2012) who reported that cocaine increased the firing of dopamine (DA) 

neurons in awake animals whereas it decreased DA neuron firing in anesthetized animals. 

Analyses of individual neuronal [Ca2+]i transients showed that cocaine also increased 

neuronal activity synchronization (measured by ΔF(t)/F) in the awake mice. Unfortunately, 

under isoflurane anesthesia individual neuronal transients were not detectable so we could 

not assess if cocaine affected synchronization of neuronal activities in anesthetized animals.

Isoflurane dilated cerebral veins and arteries and increased CBFv relative to the awake state, 

which is consistent with studies showing that isoflurane relaxes smooth muscles within 

vessel walls causing dilation (Iida et al.,1998). The observed dilation was larger in arteries 

than in veins likely due to more muscular structures in their vessel walls. As expected from 

the observed vasodilation, isoflurane also increased CBFv (Timothy et al., 2007). Isoflurane 

also depressed Ca2+ signaling, consistent with inhibition of neuronal activity during 

isoflurane’s anesthesia (Wu et al., 2016), which is also in agreement with prior studies 

showing that isoflurane inhibited neuronal activities (Baumgart et al., 2015, Study et al., 

1994).

The hemodynamic and neuronal effects of cocaine were also profoundly affected by 

isoflurane anesthesia. In the anesthetized state, cocaine significantly decreased CBFv and 

HbO2 - an effect observable 3 min post injection that persisted throughout the 30-min post 

cocaine measurement. In contrast in the awake state cocaine did not change CBFv and 

HbO2. This is consistent with our prior reports of cocaine-induced vasoconstriction and 

CBFv reduction in the anesthetized mouse brain (Ren et al., 2012, Allen et al., 2018), which 

occurred promptly post cocaine injection in this study and sustained for at least 30 min (Liu 

et al., 1993). Similarly, cocaine-induced ΔHbO2 decreases in the anesthetized state are 

consistent in magnitude and dynamics with those we reported previously in anesthetized 
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animals (Du et al., 2018). In contrast, in the awake state, cocaine did not change vessel 

diameter or hemodynamics until 15 min post cocaine at which time it increased ΔCBFv and 

ΔHbO2. Several factors could contribute to the differences between awake and anesthetized 

states. First, because isoflurane dilates blood vessels this would make cocaine-induced 

vasoconstriction more detectable. Second, there could be an interaction between isoflurane 

and cocaine at the vascular and/or neuronal level. Indeed, Tsukada et al. reported that in 

non-human primates isoflurane enhanced cocaine’s inhibitory effects at the dopamine 

transporter (Tsukada et al., 1999) and we reported that in rodents isoflurane affected the 

binding of cocaine to the dopamine transporter (Du et al., 2009). Finally, awake mice may 

have additional effects that buffer the acute vasoconstriction. For instance, while 

vasoconstriction from cocaine would decrease CBF, the increases in neuronal activity 

triggered by cocaine in the awake state would increase it, which would drive vasodilation of 

the vasoconstricted vessels. In contrast in the anesthetized state the inhibition of neuronal 

activity by isoflurane would blunt the neuronal activation by cocaine, which would further 

contribute to CBF decreases. Since cocaine-induced vasoconstriction has been observed in 

isolated vessel segments (Egashira et al.,1991, El-Fawal et al.,1995) in the absence of any 

anesthesia, it is likely that the neuronal activating effects of cocaine (and presumably 

associated engagement of astrocytes involved in neurovascular coupling) might have 

counteracted the vasoconstricting effects of acute cocaine when given in the awake state to 

naïve animals. However, in preclinical models of chronic cocaine given in the awake state 

and in clinical studies in cocaine abusers there is clear evidence of marked vasoconstriction 

of cerebral vessels, reductions in CBF and ischemia (You et al., 2017; Volkow et al. 1988). 

These differences suggest that while acute cocaine in the awake state might not trigger 

cerebral vessel vasoconstriction in a naïve animal, with repeated exposures the 

hemodynamic effects of cocaine might become sensitized as shown by our prior studies 

(Ren et al., 2012). Alternatively, the neuronal activating effects of cocaine might decrease 

with repeated exposure and thus be less able to counterbalance cocaine’s vasoconstricting 

effects. Indeed, we have documented that there is a marked attenuation of cocaine’s 

enhancement of dopaminergic signaling in the brain both in chronic animal models (Park et 

al., 2013) and in cocaine abusers (Volkow et al., 2014).

In parallel, cocaine induced Ca2+ fluorescence responses including mean [Ca2+]i fluoresce 

(F) and [Ca2+]i transient changes over the baseline (before cocaine) were different in the 

anesthetized and awake conditions. In anesthetized state, mean [Ca2+]i fluorescence 

increased after cocaine, whereas it did not change in the awake state. The differences might 

reflect the fact that isoflurane inhibits Ca2+ channels in neurons reducing individual neuron’s 

[Ca2+]i changes (Orestes et al., 2009). Additionally, in anesthetized animals isoflurane 

triggered internal Ca2+ release via its effects in ryanodine receptors (RyR) redox 

modification, extracellular signal regulated kinases (ERK) and cAMP/Ca2+ response 

element binding protein (CREB) phosphorylation (Hidalgo et al. 2007), which might 

underlie the increase in mean [Ca2+]i observed in the isoflurane anesthetized animals. In the 

awake state, although mean [Ca2+]i fluorescence did not change after cocaine, neuronal 

[Ca2+]i transients increased and the activities among neurons became more synchronized.
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The integration of GCaMP expression with our MIP allowed us to image individual neuronal 

activity in the awake state, though it lacked the sensitivity to detect the markedly weakened 

neuronal activity it in the anesthetized state. Before cocaine, the individual neuronal 

transients (ΔF(t)/F) occurred randomly with low synchronization between neurons. 

However, after cocaine, activities between individual neurons were more synchronized, 

which was reflected in an increase in the correlation coefficients between neuronal activities 

compared to baseline. To quantify the synchronization of neuronal activity, activated cell 

numbers in time course were processed via FFT and STFT. The analysis in frequency 

domain showed that cocaine enhanced neuronal activities in the low frequency range of 0.07 

Hz and that it reduced the activation frequency bandwidth from 0.12± 0.02 Hz at baseline to 

0.1 ±0.01 Hz post cocaine (n = 5, Fig. 6e1) while shifting the central frequency from 0.10 

± 0.03 Hz to 0.07 ±0.02 Hz (n= 5, Fig. 6e2), consistent with an enhanced synchronization of 

neuronal activities by cocaine.

This is reminiscent of the enhanced synchronization in slow frequency neuronal activity we 

recently reported when acute cocaine was given to animals that had been given chronic 

cocaine in the awake state but imaged during anesthesia (Chen et al., 2018). In the chronic 

cocaine exposed animals, we showed that acute cocaine decreased high frequency local field 

potentials (LFP) while it increased synchronization of slow LFP and hemodynamics in the 

somatosensory cortex. We interpret the enhanced synchronization of neuronal activity to 

reflect the catecholaminergic effects of cocaine, which would reduce the randomness of 

background neuronal firing rates (Du et al., 2006).

The apparent paradoxical finding in the awake animals showing that acute cocaine enhanced 

neuronal activities while not affecting CBFv is consistent with our findings that cocaine 

disrupted neurovascular coupling, which we had shown in anesthetized animals (Chen et al., 

2016). Thus this finding indicates that cocaine induced neurovascular uncoupling also 

occurs in the awake state. However, since the hemodynamic measures were obtained over 

larger cortical areas than those for the neuronal [Ca2+]i measures we can not rule out the 

possibility that the relatively large ROI and the compartment-mixed quantification (veins, 

arteries, tissue) of hemodynamics (Fig.4) might have washed out the local neuronal 

responses (Fig.6).

We measured CBFv in the vessels and within the brain tissue using a method based on the 

Doppler shift of particles (e.g., red blood cells) or speckle variation (Luo et al. 2008). The 

slower recovery of CBFv (Fig.4) than vessel diameters (Fig.3) observed in the anesthetized 

animals might reflect other physiological factors affecting CBFv including changes in blood 

pressure, pulse, cardiac efficiency and stroke volume (Mayet et al. 2003). We hypothesize 

that the reductions in CBFv from acute cocaine would eventually recover but documenting 

this would have required a longer period of imaging than the 30min we used in our study.

A limitation in our study was that the recordings in the awake condition preceded those in 

the anaesthetized state but we showed that CBFv returned to baseline after interruption of 

isoflurane indicating that the CBFv differences between awake and anesthetized conditions 

were not due to the order of the condition. However, we can not rule out the confound from 

having received the first cocaine dose in the awake state versus having received a second 
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cocaine dose under anesthesia. Note that to minimize the effects from one state to the other 

we sustained each state for a long period (e.g., 1 hr), which allowed for physiological 

stabilization of the animals under each condition. Though we trained animals prior to awake 

imaging to minimize stress effects from a novel situation and at the time of imaging mice 

did not show classical signs of stress (vocalization, amounts of fecal matter excreted or 

stress-induced diarrhea and level of motion) we can not completely rule out confounds due 

to stress in our findings (Kistlin et. al 2014; Madularu et. al 2017).

In summary, the effects of cocaine in the brain during the anesthetized state (using 

isoflurane) differed from those observed in the awake condition. Isoflurane dilated vessels 

and depressed neuronal Ca2+ activity, confounding cocaine’s hemodynamic and neuronal 

effects on the brain. Using a novel strategy for optical imaging of awake mice we observed 

that while acute cocaine did not change hemodynamics in the cortex it significantly 

increased neuronal activities and neuronal synchronization in the awake state. These findings 

indicate that the anesthetic agents (e.g., isoflurane) interact with the pharmacological effects 

of cocaine in brain highlighting the importance of conducting preclinical studies on the 

effects of cocaine in the brain of awake animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A schematic illustrating custom multimodality optical imaging platform (MIP) for 

simultaneous GCaMP fluorescence and hemodynamic imaging and the image acquisition 

protocol. a) MIP with air-floating mobile cage; b) Time sharing scheme for light engine and 

camera to capture changes in Ca2+ fluorescence (GCaMP ΔF/F, 480nm/532nm), total 

hemoglobin (ΔHbT, 560nm), deoxygenated hemoglobin (ΔHbR, 560nm/647nm), and 

ΔCBFv (830nm) in vivo in mouse brain. c) Experimental protocol.
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Figure 2. 
Isoflurane dilates vessels, increases CBFv, and decreases neuronal mean [Ca2+]i. a) Time-

lapse images of vessel diameters Δϕ (a0-a3) and ΔCBFv(a4-a7) in arteries and veins before 

and after isoflurane exposure (1.5–2%).b1) Vasodilation after isoflurane, 26.73±8.1% for 

veins [F(11,33)=20.76, p<0.001] and 66.8±13.5% [F(11,33)=29.92, p=0.002] for arteries at 

125 sec. b2) At 3min after isoflurane, vasodilation was different between veins and arteries 

[F(1,3)=7.37, p=0.01]. b3) CBFv increased 72.92±42.1% in veins [F(11,33)=4.93, p<0.001] 

and 181.52±42.12% in arteries [F(11, 33)=5.46, p<0.001] at 50 sec after isoflurane, which 

returned to baseline at 100 sec for veins and at 200 sec for arteries. b4) At 3min, CBFv 

increase was different between veins and arteries [F(1,3)=23.38, p=0.013]. c0) Neuronal 

Ca2+ fluorescence abruptly decreased 23.31±2.87% [F(23,207)=968.35, p<0.001] after 

40sec after isoflurane and stabilized after 5min. c1-c2) [Ca2+]i fluorescence images in awake 

and anesthetized states. d1) Mean [Ca2+]i in mouse cortex decreased in awake and 

anesthetized states after isoflurane (p<0.001). d2) Neuronal [Ca2+]i fluctuation (ΔF(t)/F) 

decreased (p<0.001) from 3.23±0.3% in awake state (at t=-10 to 0min) to and 1.3±0.3% in 

isoflurane anesthetized state (at t=40–50min)
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Figure 3. 
Cocaine effects on constriction of veins and arteries in the awake and anesthetized states. a) 
Cocaine-induced constriction of veins and arteries in the anesthetized state, with a maximal 

decrease of 4.37±1.1% in arteries [F(147,49)=1.66, p=0.01] and of 5.16±1.9% in veins 

[F(147,49)=3.39, p<0.001] occurring at ~3min after cocaine, both of which recovered 

gradually. b) In the awake state, there were no significant vasoconstriction in arteries (-0.77 

± 4.0% [F(147,49)=0.95, p=0.56]0 and in veins (0.8 ± 3.2% [F(147,49)=0.89, p=0.68]) after 

cocaine.
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Figure 4. 
Cocained-induced ΔCBFv and ΔHbO2 in the awake and isoflurane anesthetized states. a) 
Images to show CBFv difference between baseline (t=0min) and after cocaine (t=25min) in 

the awake (a0-a1) and anesthetized states (a2-a3). b1) ΔCBFv rapidly decreased 13.2±13.5% 

at ~3min post cocaine and remained low in the anesthetized state (orange line) 

[F(34,102)=5.66, p<0.001], but showed no significant change [F=(34,102)=1.51, p=0.06] in 

the awake state (green line). b2) Cocaine-induced mean ΔCBFv in the awake and 

anesthetized states were significantly different (p=0.04). c1) ΔHbO2 rapidly decreased 

−5.11±1.83% at ~3min post cocaine and remained low [F(34,102)=8.35, p<0.001] in the 

anesthetized state, but showed no significant change in the awake state [F(34,102)=0.76, 

P=0.82]. c2) Cocaine-induced mean ΔHbO2 in the awake and anesthetized states were 

significantly different (p=0.03). d) ΔHbO2 and ΔCBFv showed strong positive correlation 

with R(899)=0.90 (p<0.001) in the anesthetized state and R(899)=0.61 (p<0.001) in the 

awake state during t=-5 to 10min.
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Figure 5. 
Cocaine-induced neuronal [Ca2+]i changes in the awake and anesthetized states. a0a3) and 

b0-b3) Ca2+ fluorescence images before and after cocaine and their ratio images in the 

awake and anesthetized states. a3-b3) Time-lapse Δ[Ca2+]i (%) in the awake and 

anesthetized states. a4-b4) [Ca2+]i differences before (t=0min) and after (t=5min) were 

insignificant in the awake state [F(14,28)=1.1, p=0.39], but increased 1.86±0.15% 

[F(14,56)=8.16, p<0.001, n=5] in the anesthetized state. a5-b5) Ca2+ activities averaged over 

5min before and after cocaine, which increased from 15.8±5.3count/min after cocaine: 

18.2±3.2count/min (p=0.04) in the awake state but decreased from 7.4±2.9count/min to 

3.16±1.7count/min (p=0.03) in the anesthetized state.
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Figure 6. 
Enhanced [Ca2+]i activities of individual neurons and their synchronization after cocaine in 

the awake state. a) GCaMP expression of individual neurons in the cortex (FOV: 

0.5×0.6mm2). b) The counts of activated neurons to represent their activities with time, 

showing increased firing synchronization after cocaine. c) STFT graph to show frequencies 

of the firing neurons, which enhanced synchronization of activities within the 0.07Hz range. 

d) The bandwidth of neuron cell firing frequencies (via FFT) was narrowed (p<0.001) and 

peak frequency decreased (p=0.03) after cocaine. e) Tracking of 50 activated cells and their 

activities. f) Activities randomly selected from 10 of the 50 neurons, showing enhanced 

temporal correlation (synchronization). Red lines: cells with ≥5% increase in activation 

period in each trace. g) Color map representing the correlation between the activities of 

individual neurons before and after cocaine (Blue: low correlation, Red: High correlation). 

h) The correlation coefficients among individual neurons increased from 0.37±0.08 before 

cocaine to 0.51±0.1 after cocaine [F(4,9)=7.84, p=0.04].
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