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Cocaine and habit training cause dendritic spine

rearrangement in the prelimbic cortex

Michelle K. Sequeira,’? Andrew M. Swanson,’? Henry W. Kietzman,"? and Shannon L. Gourley'-#:3*

SUMMARY

Successfully navigating dynamic environments requires organisms to learn the
consequences of their actions. The prelimbic prefrontal cortex (PL) formulates
action-consequence memories and is modulated by addictive drugs like cocaine.
We trained mice to obtain food rewards and then unexpectedly withheld
reinforcement, triggering new action-consequence memory. New memory was
disrupted by cocaine when delivered immediately following non-reinforcement,
but not when delayed, suggesting that cocaine disrupted memory consolidation.
Cocaine also rapidly inactivated cofilin, a primary regulator of the neuronal actin
cytoskeleton. This observation led to the discovery that cocaine also within the
time of memory consolidation elevated dendritic spine elimination and blunted
spine formation rates on excitatory PL neurons, culminating in thin-type spine
attrition. Training drug-naive mice to utilize inflexible response strategies also
eliminated thin-type dendritic spines. Thus, cocaine may disrupt action-conse-
quence memory, at least in part, by recapitulating neurobiological sequalae
occurring in the formation of inflexible habits.

INTRODUCTION

Navigating a changing environment requires one to extrapolate whether their behavior has conse-
guences—a process often requiring the consolidation, retention, and later retrieval of new memories for
sustained flexibility. A key brain region in this first step, consolidating expectations, is the prelimbic
prefrontal cortex (PL) in rodents, which is functionally similar to aspects of the dorsal prefrontal cortex in
humans.'” In rodents, inactivation of the PL causes failures in selecting actions based on their conse-
quences.”” These deficiencies are attributable to disruption of memory consolidation—occurring in the

minutes following new learning— as opposed to subsequent retrieval of that memory.®""

Like PL inactivation, cocaine can cause failures in decision making requiring the assessment of goals and
the likely outcomes of one’s behavior.'””'* While the majority of experiments concerning this phenomenon
utilized chronic cocaine, some investigations reveal that pairing cocaine, as well as methamphetamine,
with reward-seeking behaviors causes those behaviors to become habits, which are by definition insensitive

to consequences.'” "’

Here, we test the hypothesis that cocaine disrupts response flexibility by interrupting new memory consol-
idation, thus causing organisms to defer to familiar routines. We used a task in which mice first generate two
food-reinforced nose poke behaviors equivalently, and then food associated with one response is no
longer provided contingently. Optimally, mice update expectations and use this information to guide later
choice—favoring the behavior that remained reinforced. As expected, cocaine disrupted new memory
consolidation, occurring in the minutes following unexpected non-reinforcement, causing mice to maintain
previously learned response strategies when tested later, drug free. Proteins that control the dendritic
spine actin cytoskeleton—the structural lattice that controls the shape and stability of dendritic spines—
were modified along the same timeline. Action-outcome learning, as assessed using both devaluation
and contingency-based approaches, can be improved or impaired by manipulating spine dynamics in
the PL during memory consolidation, strongly suggesting that dendritic spine plasticity optimizes new
learning.'" These insights together led us to next investigate cocaine-induced alterations in dendritic spine
formation and elimination in the PL, again during the memory consolidation window. Cocaine caused spine
attrition, preferentially affecting thin-type spines, transient extensions with the potential for synapse
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A common notion is that addictive drugs hijack innate learning and memory processes. Following this
logic, if cocaine-induced dendritic spine modifications are associated with disruptions in learning and
memory, then schedules of reinforcement that cause drug-naive mice to be less flexible (i.e., to use habitual
response strategies) might modify dendritic spines in the PL in a similar fashion. Indeed, schedules of rein-
forcement that confer response inflexibility in drug-naive mice caused a loss of thin-type dendritic spines in
the PL. Dendritic spine modifications were region specific and persistent and thus may be a mechanism by
which the PL relinquishes control over reward-related behavior—due to training conditions or cocaine
alike.

RESULTS
Cocaine disrupts memory consolidation

We hypothesized that cocaine disrupts memory consolidation, which would be expected to occur in the
minutes following an opportunity to form new memories.”” We trained mice to generate two instrumental
responses for equally preferred foods (e.g., left nose poke- > sweet grain pellet and right nose poke-
> chocolate pellet) and then obstructed one response port and reduced the likelihood that responding
on the other would be reinforced (Figure 1A). Successful memory consolidation is inferred when mice sub-
sequently inhibit that response in a later choice test. By contrast, equivalent engagement of both behaviors
reflects no new memory.

Treatment groups (vehicle or cocaine) were assigned by matching response rates during training, when
mice were still drug naive (no main effect of group F < 1, no interactions p > 0.26) (Figure 1B). When
one response was next no longer reinforced, response rates decreased as expected, again without group
differences (main effect of time F4 gg) = 22.20, p < 0.001, other F < 1) (Figure 1C). Indeed, group differences
were never identified during this session; thus, these data will not be shown in subsequent figures. Vehicle
or cocaine was delivered immediately after this session. During a probe test conducted the following day
and repeated the day after that to determine the stability of response patterns, mice that had received
vehicle preferentially responded on the aperture most likely to be reinforced, reflecting new memory.
Meanwhile, mice exposed to cocaine exhibited non-preferential responding (drug X aperture interaction
F,22)=7.58, p = 0.01) (Figure 1D). Thus, cocaine obstructed new action-consequence memory.

New learning involves the consolidation and retrieval of memory. To test the hypothesis that cocaine dis-
rupted memory consolidation, in particular, we compared the impact of immediate post-training vs. de-
layed cocaine injections. If cocaine disrupts consolidation, then delayed injections will have no effects.
We first replicated our experiment above and added a group in which injection was delayed by 30 min.
The two vehicle control groups did not differ and were combined. Groups did not differ during training
(no main effect of group F < 1, no interactions F < 1) (Figures 2A and 2B). Then, one response ceased to
be reinforced, and vehicle or cocaine was delivered. During a probe test the next day, vehicle control
mice and mice given a delayed cocaine injection preferentially engaged the response most likely to be re-
inforced, evidence of successful memory consolidation (Figure 2C). When cocaine was paired with the non-
reinforced condition, however, mice failed to modify behavior, evidence of no new memory (drug
condition X aperture interaction Fp 23 = 3.46, p = 0.049) (Figure 2C).

Thus, cocaine appears to disrupt instrumental memory consolidation. To further substantiate this perspec-
tive, we gave another group of mice injections that were delayed by 4 or 19 h following the non-reinforced
session (timeline in Figure 2A). These delayed injections again had no effects (no effect of delayed drug
group during response acquisition F < 1, no interactions p > 0.2; probe test main effect of aperture
Fi,21) = 18.14, p < 0.001, no interactions or effect of delayed drug group F < 1) (Figures 2D and 2E).
Thus, cocaine blocks instrumental memory consolidation, occurring within 30 min following an opportunity
to form new associations.

Given that excitatory plasticity in the PL is necessary for action-outcome memory (see introduction), we next
reasoned that decreasing neuronal activity in the PL should recapitulate the effects of acute cocaine. To
test this prediction, we infused mice with either control viral vectors or viral vectors expressing CaMKII-
driven Gi-coupled designer receptor exclusively activated by designer drugs (DREADDs) bilaterally into
the PL. Histological analysis revealed that all mice had transduced cells in the PL across the rostral-caudal
axis, with some spread into the medial orbitofrontal cortex in some mice (Figures 3A and 3B). We did not
detect obvious differences between mice with small or larger infusion sites, consistent with evidence that
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Figure 1. Cocaine disrupts memory for action outcomes

(A) Schematic and timing of task: mice were trained to respond at two nose poke ports for food—sweetened grain or chocolate pellets. Then, one port was
occluded, and responding on the other remained reinforced. Next, the contingency between the other response and the outcome was violated by providing
the associated pellet non-contingently, and responding was not reinforced. Immediately following this session, mice received an injection of cocaine. The
next day, a brief probe test was conducted when mice were drug free, and response preference was measured. The probe test was repeated the next day.
(B) Response acquisition curve, with no differences between groups that would later receive vehicle vs. cocaine. There were also no differences between the
response that would remain reinforced and the response that would later be non-reinforced.

(C) Response rates declined when responses were not reinforced and pellet delivery was non-contingent. An injection of vehicle or cocaine immediately
followed.

(D) The following day, vehicle-treated mice preferred the reinforced response, while cocaine blocked new learning, causing mice to respond equally on both
ports, as during training. This pattern persisted in a second probe test (n = 12/group). Bars and symbols: Mean + SEMs. Gray lines represent individual mice,
*p < 0.05. "n.s.” refers to non-significant.

medial orbitofrontal cortex does not obviously control responding in a very similar task.”’ We also found no
effects of viral vectors in response acquisition (no main effect of group or interactions F < 1) (Figure 3C). We
then administered the DREADD ligand clozapine N-oxide (CNO) prior to the 25-min “non-reinforced” ses-
sion, given that CNO appears to require roughly 30 min to cross the blood-brain barrier.”” Mice also
received an injection immediately following the procedure: either vehicle or cocaine, in order to compare
the degree to which Gi-DREADDs activation recapitulated the effects of cocaine (timeline in Figure 3B). Ina
probe test the following day, control mice preferentially engaged the response most likely to be
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Figure 2. Cocaine disrupts memory consolidation

(A) Timing of cocaine injection relative to the end of a test session when a familiar action was not reinforced (arrows). Zero
refers to immediately following that session; other injections were at 30 min (end of red bar), 4 h, or 19 h following the non-
reinforced session. Response preference was tested the next day in a probe test.

(B) Response acquisition curves, with no differences between groups that would later receive vehicle or cocaine.

(C) Acute cocaine blocked new learning, as indicated by a failure to prefer the reinforced behavior during the probe test,
but injection delayed by 30 min had no effect (n = 10 control, 9 cocaine, 7 delayed cocaine).

(D) We next tested response strategies after longer delays. Response acquisition curves.

(E) Injections delayed by 4 and 19 h again had no effects, given that all groups preferred the behavior that was reinforced
(n = 8/group). Thus, cocaine disrupts new memory consolidation, occurring within 30 min following new learning. Bars and
symbols: mean + SEMs. Gray lines represent individual mice, *p < 0.05. “n.s.” refers to non-significant.

reinforced—evidence of new learning (Figure 3D; control groups are collapsed for simplicity). Meanwhile,
both cocaine and Gi-DREADDs interfered with new memory [drug condition X aperture interaction Fp 23) =
4.12, p = 0.03] (Figure 3D), replicating the effects of cocaine described in Figures 1 and 2 and the effects of
chemogenetically silencing excitatory PL neurons described previously."" This conclusion can be further
appreciated by comparing the ratio of reinforced/non-reinforced responses (Figure 3E). In this case, 1 re-
flects no response preference, and scores >1 would be interpreted as successful memory consolidation.
Both cocaine and Gi-DREADDs mice generated preference ratios of ~1, evidence of no new learning
(Hy = 6.32, p = 0.04) (Figure 3E).

Discerning rapid actions of cocaine

To summarize thus far, cocaine disrupts action-consequence memory consolidation occurring within
30 min following new learning. This led to the following question: what are the rapid impacts of cocaine,
specifically, those occurring within 30 min of administration? We began by quantifying several proteins
in the PL 30 min following an acute cocaine injection, starting with the immediate-early gene, c-fos.
C-fos levels were lower in the cocaine group (Figure 4A; see Table 1 for means, SEMs, and statistics for
all western blotting experiments; see Table 2 for antibody information). Of the several other targets inves-
tigated, only one more was altered: Cocaine also elevated phosphorylation of a master cytoskeletal regu-
latory protein cofilin (Figure 4A), which inactivates the protein.

To determine the degree to which these effects were associated with rapidly acting acute cocaine, we next
measured cofilin phosphorylation in mice exposed to 2 weeks of cocaine or ketamine as a positive control?®
(Figure 4B). Only ketamine elevated phosphorylation (drug X time interaction F, 33y = 3.47, p = 0.04, no main
effect of time Fy 33y = 2.08, p = 0.16, main effect of drug F(3,33 = 3.51, p = 0.04) (Figure 4B). To confirm that we
could detect some effect of repeated cocaine, we also measured cortactin, another cytoskeletal regulatory
protein thought to be involved in cocaine-induced neuronal remodeling.'>?* In this case, both cocaine and
ketamine increased phospho-cortactin (drug X time interaction Fiz 34y = 3.47, p = 0.04, main effect of time
Fu,34y = 12.58, p = 0.001, no main effect of drug Fz,34 = 1.26, p = 0.30) (Figure 4B).

Cocaine induces rapid dendritic spine rearrangement in the PL

Thus far, we report that acute cocaine can disrupt instrumental memory consolidation, a process that
requires the PL, simultaneously modifying the cytoskeletal regulatory element cofilin. We hypothesized
that acute cocaine would affect dendritic spine plasticity in the PL, and importantly, within 30 min of injec-
tion, consistent with the timing in which it disrupts PL-dependent memory. We first deployed in vivo
imaging to visualize rapid changes in dendritic spine turnover, if any.

The skull was thinned in anesthetized mice expressing Yellow Fluorescent Protein in layer V neurons. Mice
were then placed on a microscope stage to obtain a field of view that contained distinct, resolvable dendritic
segments, specifically within the rostral PL, where dendrites extend to the surface (see for reference the
rostral-most section in Figure 3A). Immediately prior to the first imaging time point, an intraperitoneal
(i.p.) injection of vehicle was administered. Images were collected 0, 15, and 30 min afterward. Next, cocaine
was administered i.p., again with images collected 0, 15, and 30 min afterward. Gross dendritic spine den-
sities did not differ between drug conditions (no drug X time interaction F31¢) = 2.10, p = 0.15, no main ef-
fect of time or drug F < 1) (Figures 5A and 5B). To evaluate dendritic spine turnover rates, we calculated the
number of spines gained or lost relative to the total number of spines present at the previous time pointin
the imaging session.”” Cocaine blunted the rate at which new spines appeared (main effect of drug Fyy g =
12.40, p =0.03, no main effect of time or interaction p > 0.05) (Figure 5C). When we analyzed dendritic spines
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Figure 3. Memory for action outcomes requires the PL

(A) Viral-driven Gi-DREADD:s or a control viral vector expressing GFP was placed bilaterally in the PL. Viral vector spread is depicted in one hemisphere from
the Mouse Brain Atlas, with black representing the largest spread and white, the smallest, and anatomical boundaries indicated in the contralateral
hemisphere.

(B) Timeline. The DREADD ligand CNO was delivered immediately before the non-reinforced session, allowing time for the CNO to cross the blood-brain
barrier and bind to DREADD:s following the session. Vehicle or cocaine was also delivered immediately following the non-reinforced session, as in prior
figures. Choice was assessed in a probe test 24 h later.

(C) Response acquisition curves, with no differences between groups.

(D) Silencing excitatory neurons in the PL via Gi-DREADDs blocked new learning about action outcomes, phenocopying the effects of acute cocaine
exposure.

(E) The same data can be converted to preference scores (responses on the ports associated with the reinforced/non-reinforced conditions), such that scores
>1 reflect new learning, while scores of ~1 reflect no learning. Again, Gi-DREADDs in the PL and acute cocaine blocked new learning (n = 14 control, 6
cocaine, 6 Gi-DREADDs). Bars and closed symbols: mean + SEMs. Open symbols and gray lines represent individual mice, *p < 0.05.

that disappeared, cocaine caused significantly more spines to disappear by 30 min (drug X time interaction
Fu.8 = 34.60, p < 0.01, no main effect of time or drug p > 0.05) (Figure 5D). Thus, cocaine rapidly—within
30 min—slowed the rate of new spine formation and elevated the rate of spine loss.

Dendritic spines can be classified based on their shape—stubby, thin, and mushroom—uwith thin-type
spines being the most dynamic and labile. This pattern of slowed spine formation and elevated spine
loss following cocaine led to the hypothesis that labile, thin-type spines would differ between vehicle vs.
cocaine-treated mice, a pattern that could be masked in measures of gross spine densities. Thus, we
next turned to dendritic spine classification to quantify the densities of different spine subtypes. Spine clas-
sification is generally not applied to in vivo imaging experiments because of modest image artifacts due to
respiration. Thus, we turned to ex vivo imaging and imaged PL neurons 30 min after cocaine to mirror the
in vivo investigation above. We additionally imaged neurons from brains collected 24 h after vehicle or
cocaine to determine whether any morphological changes were persistent (Figure 6A). There was no effect
of cocaine on stubby spines at any time (no main effect F1 1) = 0.31, p = 0.58, no interaction F < 1), mush-
room spines (no main effect Fj19) = 3.42, p = 0.08, no interaction F < 1), or thin-type spines (main effect
Fi,199=1.11, p = 0.31, no interaction Fy 19 = 2.24, p = 0.15) (Figure 6B). Stubby spine densities were lower
at the 24 h time point (main effect of time F(1 19) = 9.82, p = 0.01), but timing had no impact on mushroom
(F1,19)=1.09, p = 0.31) or thin-type spines (F(1 19y = 0.44, p = 0.52) (Figure 6B). Interestingly, though, despite
no gross changes in individual spine densities, cocaine decreased the thin:non-thin spine ratio, indicating
that cocaine causes rapid changes in spine compositions that bias spine types away from labile thin-type
spines, characterized by their capacity for synapse formation (main effect of drug F(; 19) = 9.40, p = 0.006, all
other Fs<1) (Figure 6C).

Schedules of reinforcement that confer response inflexibility modify dendritic spine
compositions on excitatory neurons in the PL

It is commonly postulated that addictive drugs hijack innate learning and memory systems. Following this
logic, we hypothesized that training conditions that promote response inflexibility might modify dendritic

6 iScience 26, 106240, April 21, 2023
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Figure 4. Cocaine rapidly alters immediate-early gene levels and cofilin activity in the PL

(A) A single injection of cocaine was delivered, and brains were collected 30 min later to ascertain the rapid actions.
Cocaine decreased c-fos protein and increased cofilin phosphorylation at ser3 in the PL. Several other proteins were
unaffected (n = 9-12/group; normalized to mean of control mice at dashed line). Proteins are color coded, and they are
presented in the same order as listed in the legend. Representative blots are adjacent to the corresponding protein in the
legend, with molecular weights indicated, vehicle lane first. The phosphorylated protein signal, when relevant, is
represented first.

(B) Separate mice were treated with cocaine daily for 2 weeks and euthanized 30 min or 7 days later. p-cofilin trended
higher. As a positive control, other mice were given repeated ketamine, which increased p-cofilin with time. Another
protein, p-cortactin, increased with both repeated cocaine and ketamine (n = 6-8/group). Representative blots are
adjacent. Bars and symbols: mean + SEMs, *p < 0.05. Gel images were cropped to highlight the labeled proteins.
Proteins were detected at expected molecular weights indicated.

spines in the PL in a fashion similar to cocaine. To investigate this possibility, we trained drug-naive mice to
nose poke using either random ratio (RR) or random interval (RI) schedules of reinforcement because RR
training promotes flexible responding, while Rl training facilitates the development of habitual, inflexible

iScience 26, 106240, April 21, 2023 7
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Table 1. Effects of acute cocaine on protein content in the mouse PL

Protein Group Mean SEM t P

C-fos Vehicle 1.00 0.06 2.51 0.02
Cocaine 0.83 0.03

p-Cofilin/Cofilin Vehicle 1.00 0.12 —2.08 0.05
Cocaine 1.55 0.22

p-Adducin/Adducin Vehicle 1.00 0.04 -0.91 0.37
Cocaine 1.08 0.06

p-FAK/FAK Vehicle 1.00 0.08 —0.53 0.60
Cocaine 1.08 0.13

p-Pyk2/Pyk2 Vehicle 1.00 0.25 0.05 0.96
Cocaine 0.99 0.14

p-ROCK2/ROCK2 Vehicle 1.00 0.14 -0.19 0.86
Cocaine 1.06 0.28

p-LIMK/LIMK Vehicle 1.00 0.08 1.29 0.23
Cocaine 0.86 0.07

mBDNF/BDNF Vehicle 1.00 0.24 —0.48 0.64
Cocaine 1.18 0.29

p-TrkB/TrkB Vehicle 1.00 0.06 0.30 0.77
Cocaine 0.98 0.05

p-ERK/ERK Vehicle 1.00 0.06 —-0.33 0.75
Cocaine 1.03 0.08

Means, SE, and statistical reporting are reported for the proteins measured in Figure 4A.

responding.”’ Response rates did not differ between groups during response acquisition (no main effect of
group or interactions F < 1) (Figure 7A), but as expected, the RR group reduced responding following a
“non-reinforced” test session, while the RI group was insensitive to contingency changes (schedule X aper-
ture interaction F( 1¢) = 4.45, p = 0.05) (Figure 7B).

Mice were euthanized either within 30 min following the non-reinforced session (during the consolidation
of new instrumental memory) or 3 days following the probe test. Regardless of timing, thin-type spine den-
sities in the PL were lower in the Rl group (main effect of schedule Fy; 31y = 5.76, p = 0.02, no main effect of
time or interaction F < 1) (Figure 7C). By contrast, mushroom-shaped spines did not differ (all F < 1), and
stubby-type spines were modestly impacted by the timing of euthanasia, slightly elevated in the group
euthanized days after conditioning (main effect of time Fy 31 = 6.77, p = 0.01, no main effect of schedule
or interaction F < 1) (Figure 7C). Thus, Rl training induced behavioral and dendritic spine modifications
reminiscent of cocaine exposure. Further solidifying this point, Rl training also reduced the thin:non-thin
spine ratios, as with cocaine exposure (main effect of schedule F; 28y = 6.23, p = 0.019; no main effect of
time Fp 28 = 3.723, p = 0.064, no interaction F < 1) (Figure /D).

In contrast to the PL, dendritic spine densities on hippocampal CA1 neurons in the RR- and Rl-trained mice
did not differ between groups (stubby: t14 = —0.33, p = 0.75; mushroom ty4 = 0.35, p = 0.73; thin t;, = 1.58,
p = 0.13) (Figure 7E), nor did the thin:non-thin spine ratios [t;, = 1.226, p = 0.238] (Figure 7F). This pattern
suggests that training-induced anatomical modifications are at least somewhat region specific.

To summarize, the formation of inflexible responding via Rl training appears to be associated with selective
reduction of thin-type spines in the PL, consistent with the effects of acute cocaine exposure. An alternative
perspective is that RR training elevated spine densities. To test this possibility, we next trained mice to
acquire food reinforcers. A separate group of mice was similarly food-restricted and placed daily in the
operant conditioning chambers, but food pellets were delivered non-contingently at a rate yoked to a
mouse responding for food reinforcers. These mice were thus exposed to food restriction, handling, the
testing chambers, and food pellets but did not learn that nose poking was reinforced. While all mice
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Table 2. Antibodies used in this report

Antibody Immunogen Host Manufacturer Product # Concentration
anti-c-fos N-terminus domain Rabbit Santa Cruz Biotechnology sc-52 1:500
anti-p-Cofilin Proprietary sequence Rabbit Cell Signaling Technology 33118 1:250
anti-Cofilin N-terminus domain Rabbit ECM Biosciences CP1131 1:1000
anti-p-Adducin aa 656-668 Rabbit Millipore Sigma 06-820 1:5000
anti-Adducin aa 13-51 Mouse Santa Cruz Biotechnology sc-376063 1:500
anti-p-FAK Proprietary sequence Rabbit Abcam ab81298 1:1000
anti-FAK Proprietary sequence Rabbit Cell Signaling Technology 3285S 1:1000
anti-p-Pyk2 Proprietary sequence Rabbit Cell Signaling Technology 3291S 1:1000
anti-Pyk2 N-terminus domain Rabbit Cell Signaling Technology 32928 1:1000
anti-p-ROCK2 Proprietary sequence Rabbit GeneTex GTX122651 1:1000
anti-ROCK2 aa 1-100 Rabbit Abcam ab71598 1:500
anti-p-LIMK Proprietary sequence Rabbit Cell Signaling Technology 3841S 1:500
anti-LIMK aa 561-638 Rabbit Santa Cruz Biotechnology sc-5577 1:500
anti-BDNF Proprietary sequence Rabbit Abcam ab108319 1:500
anti-p-TrkB Proprietary sequence Rabbit Cell Signaling Technology 4621S 1:100
anti-TrkB Proprietary sequence Rabbit Cell Signaling Technology 4603S 1:500
anti-p-ERK Proprietary sequence Rabbit Cell Signaling Technology 9101S 1:2000
anti-ERK C-terminus domain Rabbit Cell Signaling Technology 9102S 1:2000
anti-p-Cortactin Proprietary sequence Rabbit Cell Signaling Technology 4569S 1:100
anti-Cortactin aa 309-499 Mouse Santa Cruz Biotechnology sc-55578 1:1000

Antibody information is reported.

investigated the nose poke apertures during the initial 2 training sessions regardless of group, nose poking
in food-reinforced mice subsequently increased as expected, while exploration of the nose poke recesses
in the non-reinforced mice dropped, also as expected (training condition X day interaction F4 44y = 6.41,
p < 0.001) (Figure 7G).

When one response was no longer reinforced, trained mice then preferentially performed the other (rein-
forced) nose poke, evidence of successful memory consolidation. Again, the matched, “no training” group
generated virtually no nose pokes at all, as expected (training condition X aperture interaction Fy 14 =
57.48, p < 0.001) (Figure 7H). These behavioral data were first reported by us in a different report,”” in which
case, neurons in other brain regions were analyzed. Here, in the PL, dendritic spine densities did not differ
between groups (thin-type t1; = —1.26, p = 0.24; mushroom t;; = —0.16, p = 0.87; stubby t;; = —0.36,
p = 0.72) (Figure 71), nor did the thin:non-thin spine ratios (t;; = 0.434, p = 0.672) (Figure 7J). Thus, instru-
mental conditioning did not obviously stimulate dendritic spinogenesis in the PL.

DISCUSSION

Here we investigated the ability of mice to select actions based on their consequences and how cocaine
disrupts this process. Mice were trained to respond for food reinforcers, and then reinforcers were unex-
pectedly withheld. Typical mice subsequently modified responding, no longer engaging the non-rewarded
response during later probe tests. This memory for action-consequence relationship was vulnerable to
disruption by cocaine when it was delivered immediately following the non-reinforcement session but
not when injection was delayed by as little as 30 min. This pattern indicates that cocaine disrupted new
memory consolidation and led us to ask the following: what are the rapid consequences of cocaine in
the brain, occurring within 30 min? Cocaine elevated dendritic spine elimination and blunted spine forma-
tion rates on excitatory layer V neurons in the PL along this time course, culminating in a reduction in the
proportion of spines that were thin in shape. Similarly, drug-naive mice trained to utilize inflexible response
strategies had fewer thin-type dendritic spines on excitatory neurons in the PL. Thin-type spines are labile
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Figure 5. In vivo imaging reveals that cocaine rapidly suppresses dendritic spine formation and elevates elimination on excitatory PL neurons
(A) Representative images depicting dendrites in the PL. The same dendrites were imaged across time and anatomically corresponded with the rostral-most

sections in Figure 3.

(B) Gross dendritic spine densities (spines/pum) did not differ 0, 15, and 30 min after vehicle vs. cocaine.

(C) However, cocaine blunted dendritic spine formation and (D) accelerated dendritic spine elimination. Here, the 15 and 30 min time points are normalized
to the baseline, at 0 min (n = 9/condition). Symbols: mean + SEMs, *p < 0.05. Scale = 2 um.

and have the potential to house stable synapses.'”?® Thus, their constraint in the PL may be a mechanism
by which cocaine or environmental circumstances limit action-outcome control over behavior.

Cocaine weakens memory consolidation and reorganizes dendritic spines

Cocaine disrupts learning regarding the predictive relationship between actions and their consequencesin
both rodents'” and humans.'” The majority of prior experiments exposed organisms to repeated cocaine
and then assessed flexible behavior later, revealing long-term consequences of historical drug exposure,
biasing reward-seeking behaviors toward inflexible habits. However, pairing cocaine with a given behavior
also causes that behavior to become habitual, implying loss of action-outcome memory,'”" and our goal
was to understand mechanistic factors. Mice were first trained to generate two reinforced behaviors. Then,
the predictive relationship between one behavior and its outcome was violated by providing the associated
food pellet non-contingently, and responding was not reinforced. Response preference was assessed the
following day. Cocaine given immediately following the non-reinforced session occluded new memory,
causing mice to defer to familiar response strategies. Injections delayed by 30 min, 4 h, or 19 h had no
effects. This experimental design—drug treatment immediately following a learning event compared to
delayed treatment—is a classical approach to investigating memory consolidation, which occurs in the
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Figure 6. Ex vivo imaging reveals that cocaine modifies spine types on excitatory PL neurons

(A) Ex vivo imaging was used to visualize and reconstruct dendrites and classify dendritic spines types within the PL,
anatomically defined as in Figure 3.

(B) Cocaine did not grossly change dendritic spine densities (spines/pum) on excitatory PL neurons, and there was a
modest loss of stubby-time spines with time.

(C) Cocaine, however, decreased the thin:non-thin spine type ratio (n = 5,6/group). Bars: means + SEMs. Open symbols
represent individual mice, *p < 0.05. Scale = 2 um.

minutes following new learning. By avoiding treating mice before the non-reinforced session, we avoided
impacting the acquisition of new associations, and by including delayed treatment, we can conclude that
cocaine disrupts memory consolidation rather than non-specific retention processes.

We hypothesized that cocaine-induced behavioral patterns were associated with modifications to the PL,
given that the PL is necessary for action-outcome memory® and is modulated by cocaine.”” Given that
memory was subjected to disruption within a 30-min period, we focused on this time window. Acute
cocaine reduced immediate-early gene expression and the rate of dendritic spine proliferation in the
PL, ultimately culminating in thin-type spine attrition. The pattern was notable because action-outcome
memory requires projections from the mediodorsal thalamus to PL,*° which would preferentially terminate
on layer V neurons, imaged here.”’

The effects of cocaine on dendritic spines might be surprising to some readers, given that cocaine is often
thought to cause dendritic spine proliferation in the medial prefrontal cortex. For instance, Mufioz-Cuevas
et al.”” used in vivo fluorescence-based dendritic spine imaging and reported that acute cocaine increases
prefrontal cortical dendritic spine density and the rate of new spine formation within 2 h after injection.

¢ CellP’ress

iScience 26, 106240, April 21, 2023 11




¢ CellPress iScience
OPEN ACCESS

A B E EEE RR + 3 days F
60 100 - 14 N RI-+3days 14
g B0 80 2 12 0 12| e
. 8 2 =
E 40 £ g 2 £ 10]°8
P g 80 2 Z 08 Mg
g % g s £ 06
2 20 g 40 S =
g 2 5 S 04
S ——RR £ 20 2
) —e— RI ° 02
0.0 0.0 0.0
2 4 6 810 .\ésﬁé&b A\é(%(’@ stubby mushroom  thin >
S S & "
session & & \o}“\\ % ®
'3 AN
& on\\l\‘{é\
B
24 h
= @4 RR. end of training . 2 G —e— tained  H
- 14 V8. R, end of training R o 14 —— yoked 25
g 12 EE RR +3days g ° 8 o e 12 .
g 10 B RI+3days ﬁﬁ £ 10 g 20 >
£ o8 ’ / g 08 g 15
o 06 // £ 06 £
& / / g v g 10
o4 7 9 g 04 g
g 02 ‘/ 02 |~ 05
stubby mushroom thin 1 2 3 4 5 @g@@g@ \o\‘ﬁé&b
session @Q‘\.@\Q @‘\(\,@}Q
QB QO
D ,_l_|4l end of training + 3 days | - “ali(nzd J
20| ° 2 1; i ®
- (<] o ‘B o
c % = ? g 10 Q2 8 =
£ 154 % == i O
é ’ £ 08 s £
£ 10 /’ & 06 i £ =
= / o o £
s %7 £ 04 - s
05 ” g 8
s 0 i
8

stubby  mushroom  thin

Figure 7. Habit-inducing training schedules remodel dendritic spines on PL neurons, resembling cocaine

(A and B) Mice were trained according to RR or Rl schedules of reinforcement, resulting in (B) sensitivity and insensitivity to action-outcome contingency,
respectively.

(C) Rl training reduced thin-type dendritic spine densities (spines/um) on excitatory PL neurons, anatomically defined as in Figure 3 (n = 8,9/group), relative
to RR mice (n = 9/group). Brackets denote main effect of schedule, regardless of time of imaging.

(D) Rl training also decreased the thin:non-thin spine type ratio. Brackets again denote main effect of schedule, regardless of time of imaging.
Representative dendrites are adjacent.

(E and F) For anatomical comparison, dendrites on hippocampal CA1 neurons were imaged, with no group differences. Representative dendrites are
adjacent.

(G) Separate mice were trained to respond for food according to ratio schedules of reinforcement. Other mice received food non-contingently at a rate
yoked to a nose-poking pair throughout all phases of testing and thus did not have the opportunity to learn action-outcome associations.

(H) Nose-poking mice were sensitive to instrumental contingencies, preferring a reinforced behavior over one that ceased to be reinforced, as expected,
while yoked mice did not respond, also as expected. Mice were euthanized for dendrite imaging (timeline at top).

(land J) No differences in dendritic spine densities or ratios on excitatory PL neurons were identified (n = 6,7/group). Representative dendrites are adjacent.
Bars and closed symbols: mean + SEMs. Open symbols and gray lines represent individual mice, *p < 0.05. Scale = 2 um.

Esparza et al.** also reported thicker and longer postsynaptic densities 45 min following acute cocaine,
focusing on layers lI-IV. Anatomical considerations are worth noting, though. These investigators imaged
neurons within the dorsal prefrontal cortex, which would typically refer to the anterior cingulate cortex and
potentially M2. Thus, they concur with classical investigations indicating that psychostimulants cause den-
dritic spine proliferation in the anterior cingulate cortex.>* Meanwhile, we took considerable pains to image
dendritic spines in the PL in the rostral frontal pole, where it extends to the skull surface. It has distinct in-
puts and outputs relative to the anterior cingulate cortex®>*” and also suffers dendritic spine and synaptic

L. . . 8-47-
marker loss and hypo-activity following cocaine.**™*?
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Dendritic spines can be classified by their shape, which corresponds with their function, so we took
advantage of high-fidelity ex vivo images from separate mice to reconstruct and classify dendritic spines.
Thin-type spines are labile extensions that may or may not include synapses,'®'” and the ratio of thin:non-
thin spines rapidly decreased with only a single cocaine injection, again consistent with the time course of
disrupted memory. In other investigations, a single cocaine injection rapidly (within 2 h) minimized peri-
neuronal nets, increased inhibitory synapse markers, and decreased the excitability of fast-spiking inter-
neurons in the PL.** Acute cocaine can also increase or decrease cofilin phosphorylation, depending on
an organism'’s prior experience with cocaine and/or stressors.’>*> These patterns are notable because co-
filin is a fundamental actin-binding factor that regulates actin filaments, and its activity is terminated by
phosphorylation.*® Constitutively inactive cofilin can decrease dendritic spine protrusion length,”” which
occurs when spines are being eliminated, and cofilin inactivation in vivo is associated with stress-related
dendrite atrophy.*? Cocaine rapidly inactivated cofilin here, likely contributing to cocaine-induced desta-
bilization of dendritic spines.

Notably, the cocaine-induced elevation in phospho-cofilin documented here appears to be a transient
response to cocaine, given that we detected only moderate changes following repeated cocaine or
repeated cocaine + drug washout. Instead, phosphorylation of cortactin, which stimulates the Arp2/3 com-
plex and promotes branching of new actin filaments,*”*” was elevated with repeated cocaine—one poten-
tial mechanism by which repeated cocaine persistently disrupts spine dynamics in the PL.*®

Schedules of reinforcement that prompt inflexible behavior modify dendritic spine densities
in the PL

A common notion is that addictive drugs usurp innate learning and memory processes. Following this logic,
training mice to use response-inflexible action strategies might recapitulate the structural effects of cocaine.
We capitalized on interval schedules of reinforcement that cause rodents to favor habit-based response
strategies by weakening the predictive relationship between actions and outcomes.” Interval-trained mice
generated the same number of responses as ratio-trained mice but were insensitive to changes in instrumental
contingency, as expected. They also had fewer thin-type dendritic spines on excitatory pyramidal neurons in
the PL, similar to the effects of cocaine, which reduced the ratio of thin:non-thin spines. Given that thin-type
spines are labile, even referred to as “learning spines”,"® and can contain synapses, their presence may sup-
port PL control over behavior. By extension, constraint on thin-type spine presence may be a mechanism by
which the PL yields control over reward-seeking behavior to brain regions that support competing habit-based
response strategies (e.g., the infralimbic prefrontal cortex and dorsolateral striatum®’).

One possible alternative explanation was that training conditions that promote behavioral flexibility stim-
ulate thin-type dendritic spinogenesis (as opposed to habit-inducing schedules reducing thin-type spine
densities). However, PL neurons from response-flexible mice did not obviously differ from yoked control
mice, which received the same handling and food but never learned to respond for food reinforcers.
Thus, ratio training did not obviously remodel PL neurons, at least in a way that was detectable upon
the expression of action-outcome learning. Consistent with this pattern, another manuscript reported
modest reductions in specifically mushroom-shaped spines in the PL during new action-outcome learning.
This modification was activity dependent and short lived, not detectable at later time points."’ We suggest
that cocaine causes atypical spine turnover in the PL, disrupting new learning.

Limitations of study

Itis important to acknowledge that dendritic spine densities in our in vivo experiments are lower than those
in our ex vivo experiments. This pattern is attributable to only being able to visually access very rostral and
distal dendritic segments near the pial surface for in vivo imaging, where dendritic spine densities are typi-
23 Another consideration is that our baseline turnover rates are higher than those reported by
which is likely attributable to difficulty in imaging neurons within the PL, given close proximity to

cally low.
others,”>>*
the superior sagittal sinus and other major blood vessels. Motion of the brain would sometimes cause small
portions of dendritic segments to shift out of the plane of focus at one time point and reappear in the next
time point, artificially inflating turnover rates. Importantly, this inflation impacted both drug conditions and
thus is unlikely to account for differences between them.

Another consideration is that ketamine was used as an anesthetic. Sub-anesthetic levels modify dendritic
spine densities in frontal cortical regions, but notably, these actions require multiple hours, extending
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beyond our imaging window.”>*® Meanwhile, anesthetic levels appear to affect filopodia but leave spine
dynamics intact,”” so we do not believe ketamine had major impact on our findings. Nevertheless, the
increasing availability of deep-brain imaging methods is making these kinds of experiments more feasible
even in awake behaving mice. These technologies will allow investigators to circumvent concerns
regarding anesthetics or region of PL that can be imaged, important because only the rostral pole is avail-
able for visualization through the thinned skull, while few ex vivo investigations (including our own) exclu-
sively image this far rostrally. While we observed thin-type spine attrition with cocaine throughout, which
connections are affected will depend on the rostro-caudal positioning of a given PL neuron (e.g., see™).

We believe that further investigation is important because individuals suffering from drug misuse can suffer
from an inability to plan forward, and they experience a narrowing of the likely environmental complexities
that could occur as a result of their actions.”” Without cognitive investment in considering the various out-
comes of one’s behaviors, one defers to “what | always have done,"” potentially propelling drug seeking and
precipitating problematic drug use. Our findings suggest that modifications in neural structure may be a
mechanism, and they lay the groundwork for experiments in which spine structures could be selectively
manipulated to establish causal relationships with behavioral outcomes.
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Data and code availability
@ Data reported in this paper may be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice were transgenic mice expressing Thy1-YFP-H®® and back-crossed onto a C57BL/6 background,
>6 weeks old. These mice express YFP in layer V excitatory cortical neurons, enabling their visualization.
We used both sexes except for in vivo imaging experiments: While we were successful in imaging PL den-
dritic spines in males, we had significantly less success in females. Bleeding from the vessels in and around
the thinned skull area was much more frequent and difficult to stop, both during the skull-thinning proced-
ure and once 2-photon imaging began. This challenge decreased image quality over successive time
points and reduced the number of dendritic spines detected. Thus, females are not included in in vivo
dendritic spine imaging experiments. Mice were maintained on a 12-h light cycle (0700-0800 on) and
provided food and water ad libitum except during instrumental conditioning when body weights were
reduced to ~87-93% of baseline to motivate food-reinforced responding. All procedures were performed
in accordance with NIH Guidelines for the Care and Use of Laboratory Animals and were approved by the
Emory University IACUC.

METHOD DETAILS

Instrumental response training

Mice were food-restricted to ~90-93% of their original body weights and trained to nose poke for food pel-
lets (20 mg, Bio-Serv, Flemington, NJ) in Med-Associates operant conditioning chambers (St. Albans, VT).
Chambers were equipped with two nose poke recesses and a separate food magazine. Responding was
reinforced using a fixed ratio 1 (FR1) schedule wherein 30 pellets were available for responding on the
2 distinct nose poke recesses, resulting in 60 pellets/session. In initial experiments (Figure 1), mice were
reinforced with two separate pellets (e.g., left nose poke resulted in a sweetened grain pellet, while right
nose poke resulted in a chocolate pellet). Subsequent experiments replicated the effects in Figure 1 with a
single pellet being used and thus, in subsequent experiments, both nose pokes were reinforced with the
same pellet (purified sweet grain), and response rates are represented as total nose pokes/min. Sessions
ended when mice acquired all 60 pellets or at 135 min., whichever came first. In replication experiments,
sessions ended when mice acquired all 60 pellets or at 70 min. for expediency. Mice acquired all reinforcers
per session within 5-7 d of training.

Test of response flexibility

A test of response flexibility was used' *" (Figure 1A). In a 25-min. “reinforced” session, one nose poke aper-
ture was occluded, and responding on the other aperture was reinforced using a variable ratio 2 schedule of
reinforcement. In the 25-min. “non-reinforced"” session, the opposite aperture was occluded, and reinforcers
were delivered into the magazine at a rate matched to each animal’s reinforcement rate from the previous ses-
sion. Responses produced no programmed consequences. In this case, only ~7% of pellets are delivered (by
chance) within 2 sec. following a response.®” Thus, one response becomes significantly less predictive of rein-
forcement than the other. Sessions were counter-balanced between and within groups. The following day,
both apertures were available during a 10-min. probe test conducted in extinction. The probe test was
repeated the following day in our initial experiment to document the stability of response patterns. Preferen-
tial engagement of the response most likely to be reinforced is considered flexible responding.

The value of this task is that memory consolidation and retrieval occur during discrete times, allowing us to
manipulate them individually. During the non-reinforced session, a familiar behavior is not reinforced,
which should trigger new learning. Meanwhile, memory retrieval occurs the following day during a probe
test, when mice must choose their response strategies.

Yoked comparator groups

In one experiment, mice were trained to acquire food reinforcers and tested as described above. Each
mouse was paired with a sibling that was food-restricted and placed in a chamber for the same duration
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daily, however pellets were instead delivered non-contingently at the same rate as acquired by the paired
animal. For these animals, mice did not have the opportunity to learn about action consequences.

Random ratio (RR) vs. random interval (RI) training

In one experiment, we aimed to generate mice that utilize goal-directed, vs. habit-based, response strate-
gies, while controlling for the number of responses generated. This goal can be accomplished by training
mice according to different schedules of reinforcement. We adapted a protocol from.®* Responding on
one nose poke recess was reinforced with grain pellets, and sessions lasted up to 70 min. in duration.
The first 6 sessions used an FR1 schedule of reinforcement, and mice were reinforced with up to 5, 15,
30, 30, and 30 pellets, respectively. Next, mice were split by matching response rates. They were then
trained according to either 2 RR3 sessions, followed by 4 RR6 sessions (biasing responding towards a flex-
ible strategy that is sensitive to instrumental contingencies), or 2 RI30-sec. sessions followed by 4 RI60-sec.
sessions (biasing responding towards habits). 30 pellets were available per session. Finally, mice were
tested in a session in which food was delivered non-contingently: In this case, pellets were delivered at
a rate matched to each animal’s reinforcement rate on the prior day of training. Responding was not rein-
forced. The following day, a 5-min. probe test was conducted in extinction, and response rates were
compared to the last day of training.

Intracranial surgery

Mice were anesthetized with a 100 mg/kg ketamine/1 mg/kg xylazine mixture and then placed in a stereo-
taxic frame. With infusion needles centered at bregma, a hole was drilled in the skull corresponding to +2.0
AP, +/-0.1 ML, —2.8 DV. AAV5-CaMKII-HA-hM4D(Gi)-IRES-mCitrine or AAV5-CaMKII-GFP (UNC Viral
Vector Core) were infused bilaterally (0.5 pl per hemisphere) over 5 min. with the needle left in place for
an additional 5 min. Mice were sutured and allowed to recover for 3 weeks, allowing time for viral vector
expression.

In vivo dendritic spine imaging and analysis

Thinned skull preparation

We adapted Gan'’s thinned skull approach® to image dendrites within the PL. Behaviorally-naive YFP-ex-
pressing mice were anesthetized with a ketamine/xylazine mixture as above. Once mice were sedated, the
head was shaved and ocular ointment was placed on the eyes, and mice were placed in a stereotaxic instru-
ment. A scalpel was used to place a long midline incision in the scalp, and the two skin flaps were pulled
back. At +2.8 mm anterior from Bregma, the PL sits directly below the skull and extends approximately
500 pm laterally from the midline. Once this area was marked, the mouse was removed from the stereotaxic
instrument.

Next, the skin flaps were positioned to create a circular expanse of skull centered around the marked area.
Cyanoacrylate glue was placed around the interior opening of a double-edged razor blade, which was then
carefully centered over the marked area and placed in direct contact with the skull. The razor blade was
then secured to a custom stage adapter for use under a dissecting microscope and on the 2-photon
microscope.

Along the dorsal midline of the skull run major blood vessels that fill the space between the dorsal portions
of the two hemispheres of the brain. The dorsal portion of the brain has a roughly triangle-shaped gap
where this vessel and the surrounding bone sits. Instead of making a symmetric, round depression in the
skull like one can use when imaging more lateral brain regions, we instead thinned the skull directly adja-
cent to the midline blood vessels and along the curvature of the skull. The goal was to produce a very thin
layer of curved skull without disrupting the major vessel or any of its lateral projections.

The initial thinning of the skull was accomplished using a high-speed drill, and then a fine scalpel or hypo-
dermic needle was used to manually scrape off the remaining skull to as thin as possible. Once this point
was reached, the stage adapter and mouse were transferred to the 2-photon microscope for imaging.

2-photon imaging

Images were acquired on a Leica SP8 system equipped with a Coherent Chameleon Vision Il laser tuned to
920 nm. Initial targeting was completed using the confocal scanner and a 488 nm line from an Argon laser.
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A 25x 0.95 NA HCX IRAPO dipping objective and a HyD detector were used to acquire images. A 4x zoom
was used, resulting in a pixel size of 0.065 pm, and a 0.5 um step size. Laser power was set as low as possible
while still enabling clearimage acquisition. For each time point and for each mouse, 2 z-stacks of the same
individual dendrite were acquired back-to-back, to minimize loss of image quality caused by motion arti-
facts like animal respiration. Each mouse was considered an independent sample. Overall, ~105 dendritic
spines/mouse were quantified from dendritic segments within the acquired z-stack.

A challenge of imaging an area near the midline is that bleeding tends to begin spontaneously. Frequently,
bleeding would occur partway through an experiment that could not be stopped, at which point the exper-
iment was terminated, and any collected images were omitted from analysis.

After imaging was complete, the 2-photon laser was turned to high power and used to photobleach an
area adjacent to the imaged area to allow for post-mortem confirmation of the region of interest.
Respiration and anesthesia level were checked regularly throughout imaging, and additional anesthetic
(20 mg/kg / 0.2 mg/kg ketamine/xylazine, i.p.) was administered if needed.

Ex vivo dendritic spine imaging and analysis

YFP-expressing mice were euthanized by rapid decapitation, with timing indicated in the figure timelines or
legends. Brains were extracted and submerged in 4% paraformaldehyde for 48 h and then transferred to
30% w/v sucrose. 50 um-thick sections were prepared on a microtome held at -15°C+1. Images were
collected from the PL as outlined in Figure 3A and acquired on a Leica DM5500B microscope equipped
with a spinning disk confocal (VisiTech International) and a Hamamatsu Orca R2 camera using a 100x 1.4
NA objective. Z-stacks of dendritic segments were acquired using a 0.1 um step size. 5-8 dendrites per
mouse were acquired bilaterally from independent neurons. The location of the imaged segments within
target brain regions was confirmed by zooming out to a low magnification. Care was taken to image sec-
ond-order or higher apical PL dendrites 50-150 pm from soma. For comparison, secondary apical dendrites
located 150-250 um from the somatic layer in dorsal hippocampal CA1 were also imaged. Dendrites were
15-25 pm in length. A single blinded user generated all images.

Dendritic spine reconstruction

The FilamentTracer module of Imaris (Bitplane AG) was used as described®”®: A dendritic segment 15-
25 pum in length was drawn with the autodepth function. Dendritic spine head location was manually
indicated, and FilamentTracer processing algorithms were used to calculate morphological parameters.
A single blinded individual quantified all dendritic spines within a given experiment.

Western blotting

Mice were briefly anaesthetized by isoflurane and euthanized by decapitation. Brains were frozen at -80°C,
then sectioned at 1 mm. A single experimenter centered a 1 mm corer around the PL for dissection. Tissue
was homogenized by sonication, and protein content was measured by Bradford colorimetric assay. 10 pg
of protein/sample was separated by SDS-PAGE on a 4-20% gradient tris-glycine stain-free gel (Bio-rad).
Following transfer to PVDF membrane, membranes were blocked with 5% nonfat milk.

Primary antibodies are listed in Table 2. Membranes were incubated overnight and then in horseradish
peroxidase-conjugated goat anti-rabbit (Vector; 1:5000) secondary antibody. Immunoreactivity was as-
sessed using a chemiluminescence substrate (Pierce) and measured using a ChemiDoc Imager (Bio-rad).
Protein signals were normalized to their corresponding total protein signal. Phospho-signals were normal-
ized to the corresponding non-phosphorylated protein signals (which did not differ between groups), then
to the control sample mean from the same membrane to control for variance between gels.

In one experiment, we assessed protein content at multiple time points following cocaine. One lane in the
cofilin analyses was unexpectedly blank and excluded. For all western blots, samples were run at least twice
to ensure replication. Each mouse contributed only a single value to statistical analyses. Molecular weights
were confirmed by comparison to the Bio-Rad Precision Plus Protein Standard (catalog #161-0373) run on
every gel.
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Drug injections and timing

Mice were injected with cocaine hydrochloride (10 mg/kg, i.p., in saline, Sigma) or saline. The timing of in-
jections, testing, and euthanasia are depicted in timelines and/or figure legends. In behavioral experi-
ments, injections were delivered immediately, 30 min., 4 h, or 19 h after a session in which pellets were
delivered non-contingently, and mice were then returned to the home cage. The probe tests were conduct-
ed in the absence of any further injections. These experiments led us to focus on the effects of cocaine
detectable within 30 min. after injection. In in vivo dendritic spine imaging experiments, mice were injected
with saline, and dendritic spines were imaged for 30 min., then mice were injected with cocaine, and the
same dendrites were imaged for an additional 30 min. For ex vivo imaging experiments, mice were injected
with cocaine, then euthanized at 30 min. or at 24 h later for comparison.

In western blotting experiments, mice were injected with saline or cocaine (10 mg/kg, i.p.), then euthanized
30 min. later. As a comparator, we also generated mice that received repeated cocaine (30 mg/kg, i.p.),
ketamine (30 mg/kg, i.p.), or saline. Mice were given a single injection daily for 14 d, then euthanized
30 min. or 7 d following the final injection.

Clozapine N-oxide (CNO)

CNO (Sigma) was delivered at a dose of 1 mg/kg, i.p., dissolved in 2% DMSO and sterile saline. CNO was
delivered immediately following the session in which pellets were delivered non-contingently, and mice
were tested in the probe test the next day drug-free. All mice received CNO, regardless of condition, to
equally expose animals to any unintended consequences of CNO.?” Importantly, this dose does not by it-
self impact responding in this task.”’

Throughout, systemic injections were delivered in a volume of 1 ml/100 g.

QUANTIFICATION AND STATISTICAL ANALYSIS

Nose poke rates were compared by ANOVA, with nose poke port and group as factors, and with repeated
measures when appropriate. In the case of significant interactions, post-hoc comparisons were made with
Tukey's tests, and results are indicated graphically. In the behavioral probe tests, an interaction between
nose poke port and drug is required to conclude that a given drug affected decision-making strategies;
note that in such cases of significant interaction effects, main effects can be misleading and are thus not
reported.’

For western blot analyses, each mouse contributed a single value (each animal’s mean value from multiple
gels). Comparisons were made by unpaired t-tests or 2-factor (time x drug) ANOVA, as appropriate.

For in vivo dendritic spine analyses, densities were compared at 3 time points (immediately following injec-
tion, referred to as time 0, then 15 and 30 min. following injection) via 2-factor ANOVA (time x drug) with
repeating measures. Turnover rates were calculated as the number of spines gained or lost relative to the
total number of spines present at the previous time point,”> generating turnover values for time points 15
and 30 min. These rates were then compared by 2-factor ANOVA (time x drug). Post-hoc comparisons were
made with Tukey's tests.

For ex vivo dendritic spine analyses, each mouse contributed a single spine density per subtype (reflecting
the average of all dendrites from that mouse). Densities were compared by unpaired t-test applied to each
spine type or ANOVA with time of euthanasia as a factor. Thin/non-thin spine ratios were also calculated
and compared by unpaired t-test or ANOVA as appropriate. In this analysis, 3 values were identified as fall-
ing >2 standard deviations of the mean and were considered outliers and excluded.

Throughout, SigmaStat and SPSS were used, and p<0.05 was considered significant. Comparisons were
2-tailed. Throughout, sex was included as a variable; no sex differences (all p>0.1) were noted. n values
for each individual group are reported in the figure captions. The data in Figure 3E were not normally
distributed, and Kruskal-Wallis ANOVA on Ranks was applied.
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