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Abstract
Traumatic brain injuries (TBIs) affect more than 10 million patients annually worldwide, causing long-term
cognitive and psychosocial impairments. Frontal lobe TBIs commonly impair executive function, but labo-
ratory models typically focus primarily on spatial learning and declarative memory. We implemented a
multi-modal approach for clinically relevant cognitive-behavioral assessments of frontal lobe function in
rats with TBI and assessed treatment benefits of the serotonin-norepinephrine reuptake inhibitor, milnaci-
pran (MLN). Two attentional set-shifting tasks (AST) evaluated cognitive flexibility via the rats’ ability to lo-
cate food-based rewards by learning, unlearning, and relearning sequential rule sets with shifting salient
cues. Adult male rats reached stable pre-injury operant AST (oAST) performance in 3–4 weeks, then were
isoflurane-anesthetized, subjected to a unilateral frontal lobe controlled cortical impact (2.4 mm depth,
4 m/sec velocity) or Sham injury, and randomized to treatment conditions. Milnacipran (30 mg/kg/day)
or vehicle (VEH; 10% ethanol in saline) was administered intraperitoneally via implanted osmotic mini-
pumps (continuous infusions post-surgery, 60 lL/h). Rats had a 10-day recovery post-TBI/Sham before
performing light/location-based oAST for 10 days and, subsequently, odor/media-based digging AST
(dAST) on the last test day (26-27 days post-injury) before sacrifice. Both AST tests revealed significant
deficits in TBI+VEH rats, seen as elevated total trials and errors ( p < 0.05), which generally normalized in
MLN-treated rats ( p < 0.05). This first simultaneous dual AST assessment demonstrates oAST and dAST
are sufficiently sensitive and robust to detect subtle attentional and cognitive flexibility executive impair-
ments after frontal lobe TBI in rats. Chronic MLN administration shows promise for attenuation of post-TBI
executive function deficits, thus meriting further investigation.
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Introduction
Because of physical location with proximity to mechan-

ically restrictive structures1–4 (skull compartment and

falx cerebri) paired with inherent susceptibilities to met-

abolic disturbances,5–8 the frontal lobes are often dam-

aged in traumatic brain injury (TBI).9,10 Post-TBI

neuropsychological impairments in humans are most

commonly reported in the executive, emotional, and at-

tentional cognitive domains, which rely on intact pre-

frontal cortex (PFC) function.11–13 Despite this, TBI

investigations across species have classically explored

working memory, spatial memory, and motor function

tasks, which do not directly assess the complex PFC-

mediated cognitive function.

Executive and attentional impairments frequently ob-

served in patients with TBI are reported to be among

the most disabling injury sequelae, predict poor out-

comes, and have limited treatment options.9–12,14–16

The Wisconsin Card Sorting Task (WCST) is a validated

clinical neuropsychological tool for assessing such

higher-level cognitive processes within the executive do-

main including attention, cognitive flexibility, and set

shifting.17 The WCST has been shown to capture TBI

severity-dependent executive function impairments18–21

and is particularly sensitive to PFC lesions.22–25

In rats, attentional set-shifting tasks (AST) were

designed as a pre-clinical corollary to the WCST with

ability to assess PFC-dependent executive function com-

ponents including attentional set shifting26 and reversal

learning,27 collectively measuring cognitive flexibility.

The AST involves rats interpreting a variety of rules

with shifting cue salience to locate a food reward. The as-

sessment moves rats through stages of advancing diffi-

culty and rule changes including reversals and set

shifts.26–29 The PFC subregions are essential for AST

and have stage-specific selectivity for subcomponents

of the paradigms.26–28,30,31 The AST is sensitive to

post-TBI executive dysfunction in rats in a severity-

dependent manner32–35; however, direct frontal/prefron-

tal injuries have yet to be studied.

The AST performance is influenced in a region-

specific fashion by the actions of multiple neurotransmit-

ters (principally dopamine [DA], norepinephrine [NE],

and serotonin [5-HT]).26–31,35–39 5-HT is thought to me-

diate the role of orbitofrontal cortex (OFC) in reversal

learning,27,30,31,35,40 while NE is reported to have a

more medial prefrontal cortex (mPFC)-specific role rele-

vant to set shifting.26,28,37,41,42 Enhancement of noradren-

ergic tone,28,29 serotonergic tone,29–31,35,36 or both in

concert43 effectively improve AST performance.

In the context of the growing literature support for

multi-system, multi-neurotransmitter impairments influ-

encing cognitive impairments after TBI32,35,44–52 and

the known beneficial effects of increasing serotonergic

and noradrenergic tone on AST,28–31,35,36 we hypothe-

sized that a dual-mechanism treatment boosting both 5-

HT and NE pathways via chronic, steady-state adminis-

tration of MLN may provide specific benefits on AST

performance in rats subjected to frontal lobe TBI.

Milnacipran is a unique compound among neuropsy-

chiatric medications with a highly selective mechanism

of action (e.g., prevention of 5-HT and NE reuptake)53–55

resulting in dynamic increases of both 5-HT and NE lev-

els in multiple brain regions, including the PFC.56 This

agent inhibits NE and 5-HT reuptake in a 3:1 ratio, in

contrast to other commonly used serotonin and norepi-

nephrine reuptake inhibitors (SNRIs) that preferentially

inhibit 5-HT reuptake (e.g., duloxetine 1:5, venlafaxine

1:10, desvenlafaxine 1:11).54,55 Specific to 5-HT reup-

take, MLN is less potent than other SNRIs and SSRIs in-

cluding citalopram, with a half maximal inhibitory

concentration (IC50) of approximately 30 nM, while

other SSRIs and SNRIs commonly range from 0.5 nM–

10 nM.53,57–59

Here, for the first time, we demonstrated that a multi-

modal approach using two well-validated AST paradigms

in the same brain-injured rats renders both tasks sensitive

to PFC-mediated cognitive flexibility impairments after

frontal lobe TBI and report the beneficial effects of

dual SNRI treatment with MLN on PFC-mediated AST

performance.

Methods
Animals
Thirty-four adult male Sprague-Dawley rats (Envigo, Indi-

anapolis, IN) were housed in commercially available clear

Plexiglas� individually ventilated cages (Allentown LLC,

Allentown, NJ) under a regulated light-controlled cycle

(12/12-h light/dark; lights on at 7:00 AM) and kept at a

constant temperature (21 – 1�C) with food and water ad li-

bitum. After a week of acclimation to the housing environ-

ment, experimental manipulations began during the light

phase of the cycle. All procedures were reviewed and ap-

proved by the Institutional Animal Care and Use Commit-

tee at the University of Pittsburgh (Pittsburgh, PA) and

were conducted in accordance with the National Institutes

of Health Guide for the Care and Use of Laboratory Ani-

mals. All efforts were made to minimize pain and discom-

fort and to minimize the number of rats used.

Operant attentional set-shifting task (oAST)
Rats were food-restricted to 13 g/rat/day with free access

to water to maintain 80–85% of their free-feeding weight

and to ensure adequate motivation for food reward incen-

tives. Six controlled environment standard operant test

chambers (Coulbourn Instruments, Allentown, PA) mea-

suring 12 in (l) · 10 in (w) · 12 in (h) were used for oAST

testing with procedures comparable to those of previous

publications.60,61
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Briefly, rats were sequentially acclimatized to computer-

controlled stainless steel operant test chambers (Harvard

Apparatus, Holliston, MA), which displayed a reward pel-

let dispenser and food trough on one wall and three identi-

cal integrated, infrared sensor-sensitive nose-poke modules

on the opposing wall. Only the left and right nose-poke

modules were actively used in this task (Fig. 1). The

front and back walls of the chamber were constructed of

clear Plexiglas. A house light placed above the food trough

provided illumination for the boxes, and the floor was

made of a steel-wire mesh grid. The operant boxes were

housed in sound-dampening and lightproof wood cubicles,

to reduce outside light and noise.

A small video camera was mounted inside the cubicle

so that the rats’ performance could be monitored live by

experimenters on a video screen. Rats were first habitu-

ated to operant chambers (i.e., 20 min) and reward re-

trieval (i.e., dispensed at 30-sec intervals into the food

trough), which consisted of 45 mg sucrose dustless preci-

sion pellets (Bio-Serv, Flemington, NJ), before progress-

ing to set-shifting training.

Subsequently, during training and testing sessions on

oAST, rats were challenged to choose correctly between

two nose-poke holes according to two discrimination

rules (i.e., Light or Side), each incorporating a distinct

perceptual dimension, spatial position, and a light cue

presented pseudorandomly at one of the two peripheral

cue ports (Fig. 2). Pseudorandomization was used to en-

sure that the same cue light was not illuminated more

than twice in a row. For the Light discrimination rule,

correct performance for a reward pellet was achieved

by a nose poke in the illuminated port, independent of

its spatial location (Fig. 2A,B). For the Side rule, a

nose poke in the respective valid side (left or right) re-

gardless of illumination location was recorded as correct

and rewarded accordingly (Fig. 2C,D).

Daily testing consisted of four sets completed in

90 min, with three extradimensional (ED) shifts changing

reward contingency with a pseudorandom rule start and

counterbalanced set sequence. A rat advanced through di-

mensional sets by completing a performance criterion of

10 consecutive correct responses. Each daily session in-

cluded two side rules using left and right cue ports as

the correct side, such that left- and right-poking trials

were equivalently mixed. After each response, the food

trough in the opposite wall of the chamber was illumi-

nated, regardless of the accuracy of response, until rats

poked into the trough to end the trial. After a 10-sec inter-

trial interval, the next trial was initiated as the respective

light cue was turned on.60,61

FIG. 1. The operant-based set-shifting task. Instrumental behavior was guided based on two rules within
distinct perceptual dimensions that shifted between each other based on reward delivery or omission
feedback. In the ‘‘Light rule,’’ a nose poke to the illuminated port was correct (A), leading to food reward,
whereas a nose poke to the non-illuminated port was incorrect (B), leading to no reward. In the ‘‘Side rule,’’
depicted here on the left side, a nose poke to the valid location (e.g., left port) was correct, regardless of
illumination (C). Poking into the illuminated port on the right side, in this case, was incorrect (D), leading to
no reward.
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Rats were trained in oAST before surgery to reach sta-

ble pre-injury performance baselines (total of 17–21

days; three consecutive days with <10% variability).

After 10 days of recovery from surgery and reinstatement

of mild food restriction, rats were tested in oAST for 10

days (post-surgical days 11–21, with a break at day 16),

followed by training and testing on digging AST

(dAST). Total trials to reach performance criterion

(10 consecutive correct choices), total errors, and persev-

erative errors (daily on sets 2–4; choice consistent with

immediately preceding set rule) were recorded. Any

rats failing to complete four consecutive sets in their en-

tirety during a 3 h allotment on more than three sessions

were excluded from the study.

Surgery, drug treatment, and acute
neurological evaluation
After pre-surgery operant AST behavioral baselines were

reached, rats weighing between 300–325 g were ran-

domly assigned to injury (TBI or Sham) and treatment

groups (MLN or vehicle [VEH]). Isoflurane anesthesia

was induced and maintained using a 2:1 N2O/O2 gas mix-

ture at concentrations of 4% and 2%, respectively. Rats

were intubated endotracheally and placed on mechanical

ventilation for anesthesia maintenance.

Osmotic minipumps were implanted intraperitoneally

after they were pre-filled with VEH (10% ethanol in saline)

or MLN (AK Scientific, Inc., Union City, CA) at concentra-

tions calculated to deliver 30 mg/kg/day (continuous

infusion post-surgery, 60 lL/h) of drug freebase via contin-

uous infusion for the duration of the study until sacrifice

after dAST. This dose was selected based on previously

published work showing that it increases norepinephrine

and serotonin in the prefrontal cortex in rats62,63 and has

beneficial effects on dAST performance.43

After mini-pump placement, rats were affixed into a

stereotaxic frame, and a 6 mm craniectomy was per-

formed over the right hemisphere rostral to bregma and

right of midline, overlying the prefrontal cortex.64 A con-

trolled cortical impact (CCI) was performed with a 3 mm

impactor diameter, at 2.4 mm injury depth, 4 m/sec im-

pact velocity, and 100 msec dwell time similar to previ-

ous publications involving similar surgical procedures

over the parietal cortex.32,33,35,65 Sham control rats un-

derwent anesthesia and craniectomy, except for the

final impact.

Anesthesia was then discontinued, and the scalp inci-

sion was closed with sutures. Rats were extubated, and

time to return of hindlimb flexion paw withdrawal (i.e.,

paw pinch) and righting reflexes (i.e., turn from supine

to prone) were assessed every 5 sec. Post-operatively,

rats were weighed daily on post-injury days (PID) 1–5

to ensure steady recovery and given ad libitum access

to food and water, after which food restriction was re-

sumed from PID 6 onward as above.

dAST
Rats were habituated, trained, and tested in the dAST

from PID 23–27. Procedures for AST were adapted

from Birrell and Brown26 and have been described

previously.28-33,35,66 Briefly, testing occurred in a

custom-built, rectangular Plexiglas arena that utilized a

discrimination choice of two Terracotta digging pots (in-

ternal rim diameter, 7 cm; depth, 6 cm) to present salient

and irrelevant stimulus cues across two dimensions (i.e.,

medium and odor) to signal which pot contained a food

reward buried 2 cm below the surface of the digging me-

dium (one quarter of a Honey Nut Cheerio, General Mills

Cereals, Minneapolis, MS).

Digging was defined as a vigorous displacement of the

medium to retrieve the reward buried in the pot, during

which rats explored using their somatosensory, olfactory,

and visual senses. The behavioral assessment took place

over three consecutive days. Rats were first trained to dig

reliably in pots with incrementally larger amounts of

sawdust to retrieve the rewards. Subsequently, they

were trained to complete simple rule-based discrimina-

tions for both odor (e.g., lemon vs. eucalyptus) or

media (e.g., felt vs. paper strips) contingencies to a crite-

rion of six consecutive correct responses. The positive

and negative cues for each rat were pseudorandomly de-

termined and equally represented. The stimuli imple-

mented during training were not used during testing.
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FIG. 2. Rats were trained on operant
attentional set-shifting tasks (oAST), before
surgery and group assignment, for at least 17
days to achieve performance baseline stability
(i.e., three consecutive days with <10%
variability) as seen via total trials to criterion,
total errors, and perseverative errors (daily sets
2–4), which were summed for each rat. Data are
expressed as mean (– standard error of the
mean). No statistical analyses were necessary
prior to group designations, N = 32.
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Any rat that failed to complete the training procedures

was eliminated from further testing.

Ultimately, rats were progressed through a series of

seven rule-shifting stages of progressive complexity aim-

ing to measure aspects of cognitive flexibility, specifi-

cally via stimulus reversals and an ED shift, and again

six consecutive correct trials were required to move

from one stage to the next. Each testing stage included

a variation between the discriminative stimulus dimen-

sion and the positive cue.

Stage 1 involved a single stimulus dimension (odor or

medium) and stages 2–7 involved both overlapping di-

mensions, although only one dimension was relevant in

any stage, while the other acted as a distractor. The stages

included: (1) simple discrimination (SD); (2) compound

discrimination (CD); (3) the first reversal (R1); (4) intradi-

mensional shift (ID); (5) the second reversal (R2); (6) ED

shift; and (7) the third reversal (R3). Total trials to reach

criterion, total errors, and set loss errors (incorrect choice

after ‡3 correct choices) for each stage were recorded. Tri-

als longer than 10 min without choosing a pot were

marked as ‘‘no choice’’ and counted as an error. Six con-

secutive no choice trials or failing to complete a stage

within 50 trials resulted in exclusion from the study.

Sacrifice and histology
At five weeks post-surgery after the completion of behav-

ioral testing, using a similar timeline with previous stud-

ies,32,33,35 rats were intraperitoneally administered

0.3 mL Fatal-Plus� (Henry Schein Animal Health, Co-

lumbus, OH) and transcardially perfused with 200 mL

of 0.1 M of phosphate-buffered saline (pH 7.4), followed

by 300 mL of 4% paraformaldehyde (PFA). Brains were

extracted, post-fixed in 4% PFA for one week, dehy-

drated with alcohols, and embedded in paraffin. Seven-

micrometer-thick coronal sections were cut at 1-mm

intervals through the lesion on a rotary microtome and

mounted on Superfrost�/Plus glass microscope slides

(Fisher Scientific, Pittsburgh, PA). After drying at room

temperature, sections were deparaffinized in xylenes,

rehydrated, and stained with cresyl violet.

Cortical lesion volumes (mm3) were assessed by an

observer blinded to experimental conditions using a

Nikon Eclipse 90i microscope (Nikon Corporation,

Tokyo, Japan). The area of the lesion (mm2) was first cal-

culated by outlining the inferred area of missing corti-

cal tissue for each section (typically 5–7; Nikon

NIS-Elements AR 3.22.14 software; Nikon) and then

by summing the lesions obtained, as reported previous-

ly.32,33,35,67–69

Statistical analyses
Statistical analyses were performed on data collected by

observers blinded to treatment conditions using Statistica

64 version 13 Academic software (Dell Inc., Tulsa, OK).

Righting reflex, hindlimb reflexive ability, and histologi-

cal data were analyzed by an unpaired Student t test.

For oAST post-surgery behavior, the total trials to cri-

terion, total errors, and perseverative errors were ana-

lyzed by two-way repeated measures ANOVA

(Group · Day, with Day as the repeated measure).

When significant main effects or interactions were indi-

cated, post hoc comparisons using the Fisher least signif-

icant difference (LSD) were implemented. Results from

dAST involved total trials to criterion, total response er-

rors, and set loss errors that were recorded for each test

stage and analyzed by two-way repeated measures analy-

sis of variance (ANOVA) (Group · Stage, with Stage as

the repeated measure). Where necessary after significant

main effects of interactions were indicated, post hoc one-

way ANOVA analyses were performed for each stage

followed by further post hoc comparison within Stage

using Fisher LSD tests.

For both oAST and dAST behaviors, the Sham groups

(Sham+MLN and Sham+VEH) were not significantly

different from each other and were pooled into one

Sham group. Results are expressed as the mean – stan-

dard error of the mean (SEM), and significance for all an-

alyses was set at p < 0.05.

Results
One TBI+MLN rat and one Sham+VEH rat were elimi-

nated from all pre- and post-surgery analyses because

of persistent oAST timeouts during the 3 h time allot-

ment. Five rats were excluded from statistical analyses

for oAST (1 Sham+VEH, 3 Sham+MLN, and 1

TBI+MLN) because of behavior falling outside of two

standard deviations from the group mean, rendering

them outliers; however, they were included in dAST ana-

lyses. Two Sham rats (1 VEH, 1 MLN) completed oAST,

but did not complete training or testing on dAST; there-

fore, they were not included in the latter analysis.

Acute neurological evaluation
Statistically significant differences between TBI and

Sham animals in hindlimb reflex paw withdrawal latency

were observed for left (TBI range = 153.2 – 3.7 sec, Sham

range = 23.8 – 1.5 sec; F1,28 = 905.9, p < 0.001), and right

(TBI range = 148.5 – 3.7 sec, Sham range = 18.2 – 1.6 sec;

F1,28 = 904.5, p < 0.001) sides after cessation of anesthe-

sia. No significant differences were observed between

groups randomly pre-assigned to start continuous os-

motic minipump infusions (MLN or VEH; left paw:

F1,28 = 0.159, p = 0.693, right paw: F1,28 = 0.104,

p = 0.75). Significant differences in righting reflex were

observed between TBI and Sham animals for return to

righting ability (TBI range: 262.5 – 13.5 sec; Sham

range: 152.3 – 12.0 sec, F1,28 = 35.58, p < 0.001) after
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anesthesia discontinuation, again with no pre-assigned

treatment group differences (F1,28 = 0.015, p = 0.902).

oAST

oAST training. Figure 2 represents the performance

summary (i.e., total trials to criterion, total errors, and

total perseverative errors) before group designation and

surgery throughout the first 17 days of operant training,

in which performance improved significantly. All rats in-

dividually achieved readiness by reaching performance

stability for surgery by day 21. The number of trials to

reach criterion for each of the four sets, errors per set,

and perseverative errors per set (daily sets 2–4) were

summed for each rat. No statistical analyses were neces-

sary before group designations.

oAST total trials to criterion. No significant group dif-

ference between Sham+VEH and Sham+MLN rats

(F1,9 = 0.119, p = 0.738), Day effect (F9,81 = 0.816,

p = 0.602), or Group · Day interaction (F9,81 = 1.492,

p = 0.165) were observed. Thus, Sham+VEH and

Sham+MLN results were pooled into the SHAM group.

Figure 3 shows the effects of Group designation on the

trials to criterion for each stage of the oAST at PID 11–

21 post-surgery (SHAM: n = 11; TBI+VEH: n = 9;

TBI+MLN: n = 7). Two-way repeated measures

ANOVA for total trials to criterion revealed a significant

Group effect (F2,24 = 6.36, p = 0.006) but no significant ef-

fect of Day (F9,216 = 0.467, p = 0.895) or Day · Group in-

teraction (F18,216 = 1.006, p = 0.454).

The Fisher LSD post hoc demonstrated TBI+VEH rats

performed worse (higher total number of trials to reach

criterion) than SHAM rats on days 1 and 9 ( p < 0.05)

with similar albeit non-significant trends on days 4 and

7 ( p < 0.1). The TBI+MLN rats exhibited restorations

in flexible attention (fewer total trials to criterion) than

TBI+VEH animals on days 1, 6, 8, and 10 ( p < 0.05)

with a similar albeit non-significant trend on day 7

( p < 0.1), as seen in Figure 3. There were no differences

between TBI+MLN and SHAM on any of the post-

surgery test days.

oAST total errors. Total errors for all groups per post-

surgery session are depicted in Figure 4. Two-way re-

peated measures ANOVA revealed a significant Group

effect (F2,24 = 6.512, p = 0.006), but no effect of Day

(F9,216 = 0.855, p = 0.567) or Day · Group interaction

(F18,216 = 1.019, p = 0.439). The Fisher LSD post hoc

test demonstrated that TBI+VEH rats performed signifi-

cantly worse (i.e., engaged in more total errors) than

SHAM rats on days 1 ( p < 0.01), 4 ( p = 0.05), 7

( p < 0.05), and 9 ( p < 0.01), as seen in Figure 3. Com-

pared with TBI+VEH rats, TBI+MLN rats had signifi-

cantly improved performance on days 1 (p < 0.01), 8,

and 10 ( p < 0.05) with a similar trend on days 6 and 9

( p < 0.1). Fisher LSD post hoc analyses found no differ-

ences between TBI+MLN and SHAM animals through-

out all post-surgery test sessions.

oAST perseverative errors. In Figure 5, cumulative per-

severative errors for daily sets 2–4 were analyzed for

each group throughout the post-surgery test days. Two-

way repeated measures ANOVA for total perseverative

errors revealed a significant Group effect (F2,24 =
7.088, p = 0.004), but no effect of Day (F9,216 = 0.929,

p = 0.501) or Day · Group interaction (F18,216 = 0.856,

p = 0.632).

Fisher LSD post hoc revealed that TBI+VEH rats com-

mitted a significantly larger number of total perseverative

errors (i.e., attending more to the immediately preceding

correct rule rather than switching to the new rule) than
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FIG. 3. Total operant attentional set-shifting
task (oAST) trials to criterion for pre-injury
baseline average (last five sessions per rat) and
10 post-injury days of testing ([PID 11–15]
followed by a rest day [PID 16] and five more
test days [PID 17-21]). Moderate, right
hemisphere, frontal lobe injury impaired
performance by generally elevating the number
of trials to criterion in traumatic brain
injury+vehicle (TBI+VEH) compared with SHAM
with statistical significance noted on days 1 and
9, as well as trends on days 4 and 7 of post-
surgery retrials. Chronic, steady-state drug
administration improved behavioral flexibility in
TBI+milnacipran (MLN) rats compared with
TBI+VEH rats, seen as a reduction in total trials
required to complete each session (significant
effects on days 1, 6, 8, and 10, as well as a trend
on day 7). n = 7–11/group, Mean (– standard
error of the mean), *p < 0.05 for TBI+VEH versus
SHAM, +p < 0.05 for TBI+MLN versus TBI+VEH.
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SHAM rats on days 1 (p < 0.01), as well as 4, 6, 7

( p < 0.05), and 9 ( p < 0.01) with a similar non-significant

trend on day 3 ( p < 0.1) as seen in Figure 5. Further,

TBI+MLN rats committed significantly less total persev-

erative errors (i.e., restoration of behavioral flexibility)

than TBI+VEH rats on days 7 and 9 ( p < 0.05), with a

similar trend on day 1 ( p < 0.1). Post hoc analyses did

not reveal further differences between TBI+MLN and

SHAM animals.

dAST
Performance on dAST was first analyzed to ensure that

there were no drug-related differences between Sham

groups. Two-way repeated measures ANOVA (Drug ·
Stage with Stage as the repeated measure) revealed no ef-

fects of Drug on trials to criterion (F1,11 = 0.16, p =
0.697), and no Drug · Stage interaction (F6,66 = 0.221,

p = 0.967). Sham+VEH and Sham+MLN rats were thus

pooled into a combined SHAM group for subsequent

dAST analyses.

dAST training. A two-way repeated measures ANOVA

test (Group · Training Stage) for the total number of tri-

als to criterion for training day SD tasks did not reveal ef-

fects of Group (F2, 27 = 0.398, p = 0.676) or Group ·
Training Stage interaction (F2,27 = 0.7264, p = 0.493) be-

fore test day. Regardless of Group designation, rats com-

pleted odor and medium SDs on training day similarly

(data not shown). Simple discrimination is not typically

affected by TBI,33,34,70–72 and thus the lack of a Group ef-

fect supports test validity.

dAST ED shift: odor-to-medium versus medium-to-
odor. Figure 6 shows a comparison between rats sub-

jected to an odor-to-medium versus medium-to-odor

ED set-shift on the trials to reach the criterion for each

stage of the dAST regardless of Group A two-way re-

peated ANOVA revealing there was no significant effect

of ED shift type on dAST performance across stages
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FIG. 4. Total operant attetional set-shifting
task (oAST) errors for pre-injury baseline average
(last five sessions per rat) and 10 post-injury
days of testing ([PID 11–15] followed by a rest
day [PID 16] and five more test days [PID 17–
21]). Frontal lobe-traumatic brain injury (TBI),
vehicle (VEH) treated rats committed
significantly more errors than SHAM rats on
days 1, 4, 7, and 9. Chronic milnacipran (MLN)
treatment normalized performance by
attenuating the number of errors recorded
during testing throughout the 10 post-injury
sessions, significantly so on days 1, 8, and 10,
with similar trends on days 6 and 9. n = 7-11/
group, Mean (– standard error of the mean),
**p < 0.01, *p < 0.05 for TBI+VEH versus SHAM,
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FIG. 5. Total operant attentional set-shifting
task (oAST) perseverative errors (i.e., responding
according to contingency rule from previous
set) for pre-injury baseline average (last five
sessions per rat) and 10 post-injury days of
testing ([PID 11–15] followed by a rest day [PID
16] and five more test days [PID 17–21]). Frontal
lobe-TBI rendered a significantly higher number
of total perseverative errors compared with the
SHAM group, significantly so on days 1, 4, 6, 7,
and 9, with a non-significant trend of day 3.
Chronic, steady-state milnacipran (MLN)
administration attenuated the number of total
perseverative errors during testing throughout
the 10 post-surgery sessions, thus effectively
enhancing behavioral flexibility (significant
effects on days 7 and 9, with similar trend on
day 1). n = 7–11/group, Mean (– standard error
of the mean), *p < 0.05 for TBI+VEH versus
SHAM, +p < 0.05 for TBI+MLN versus TBI+VEH.
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(F1,28 = 0.391, p = 0.537); however, there was a signifi-

cant ED shift type · Stage interaction (F6,168 = 3.183,

p < 0.01, Fig. 6A).

Fisher LSD post hoc analyses revealed a significant

difference on the CD stage (odor first vs. medium first,

p < 0.05), suggesting odor-to-medium rats required

more trials to criterion than medium-to-odor rats. Odor-

based discrimination learning taking more trials than

medium-based on CD is likely because of the stimulus

pairings used at that stage, rather than a discrepancy be-

tween odor- and medium-based learning per se. No other

subsequent stage comparisons were significantly differ-

ent regardless of the dimension to which the contingency

belonged, such as odor or medium. A comparison of total

trials across the test for rats assigned to either of the two

perceptual stimuli set-shifts revealed that no differences

were unveiled by means of an unpaired t test (t29 = -0.626,

p = 0.537, Fig. 6B).

dAST trials to criterion. Figure 7 shows the effects of

Group designation on the trials to criterion for each

stage of the dAST at four weeks post-surgery (SHAM:

n = 13; TBI+VEH: n = 9; TBI+MLN: n = 8). Two-way re-

peated measures ANOVA revealed significant main ef-

fects of Group (F2,27 = 3.279, p = 0.05) and Stage (F6,162

= 6.918, p < 0.0001), but no significant Group · Stage in-

teraction (F12,162 = 1.56, p = 0.108). For the Stage main

effect, post hoc comparisons across all groups collapsed

regardless of group designation demonstrating more trials

were required to reach criterion during R1 compared with

SD and ID, as well as during R3 compared with SD, CD,

ID, and R2 ( p < 0.05; Fig. 7). As reported previously, this

effect validates the inherent difficulty of the stimulus re-

versals and ED set-shifting stage compared with the other

stages of the AST.32,33,35.

Fisher LSD post hoc analyses determined TBI+VEH

rats displayed significant cognitive impairments on R1

and R3 ( p = 0.05 and p < 0.01, respectively), requiring

more trials to criterion compared with SHAM rats

(Fig. 7). Moreover, TBI+MLN rats performed signifi-

cantly better than TBI+VEH on ED ( p < 0.05), with a sim-

ilar non-significant trend on R1 ( p = 0.07), suggesting

chronic MLN administration was effective, at least in

part, at normalizing performance on complex stages of

dAST. On R3, performance for TBI+MLN rats remained

impaired compared with SHAM ( p < 0.05), because more

trials to reach criterion were required for the drug-treated

injured rats on the last reversal stage of dAST (Fig. 7). No

other main effects or interactions were revealed for other

test stages.
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attentional set-shifting task (dAST, groups
collapsed regardless of surgery or treatment) on
post-injury day (PID) 25–27. Rats exposed to
odor first as the relevant dimension (as opposed
to medium) in dAST required significantly more
trials to complete the compound dimensional
(CD) stage of dAST (A), but total trials to
criterion throughout the dAST day were
unaffected between the two extradimensional
(ED) shifts (B) and were not significantly
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mean), *p < 0.01 odor-to-medium versus
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FIG. 7. Total trials to reach criterion in digging
attentional set-shifting task (dAST) on PID 25–
27. The traumatic brain injury+vehicle (TBI+VEH)
rats required significantly more trials to criterion
in stages R1 and R3 compared with the SHAM
group. The TBI+milnacipran (MLN) rats display
normalization of performance on some of the
dAST stages (significant extradimensional [ED]
improvement, non-significant improvement in
R1) impacted by injury. The TBI+MLN rats,
however, continued to display significant
deficits in R3 compared with SHAM). n = 8–13/
group. ^p < 0.05 Stage effect confirming task
difficulty, **p < 0.01 TBI+VEH versus SHAM,
*p < 0.05 TBI+VEH or TBI+MLN versus SHAM,
+p < 0.05 TBI+MLN versus TBI+VEH.
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dAST total errors. A two-way repeated measures

ANOVA (Group · Stage with Stage as the repeated mea-

sure) revealed a significant main effect of Stage

(F6,162 = 11.206, p < 0.0001), but not Group (F2,27 =
2.257, p = 0.124) or Group · Stage interaction (F12,162 =
1.466, p = 0.142). No additional post hoc analyses were

performed (data not shown).

dAST set loss errors. A two-way repeated measures

ANOVA (Group · Stage with Stage as the repeated mea-

sure) revealed no significant main effects of Group

(F2,27 = 1.088, p = 0.351), Stage (F6,162 = 2.057,

p = 0.06), or Group · Stage interaction (F12,162 = 1.69,

p = 0.07). No additional post hoc analyses were per-

formed (data not shown).

Lesion volumes
At five weeks post-surgery, frontal lobe CCI injury in-

duced a mean cortical lesion volume of 10.94 – 1.68 mm3

in the TBI+VEH group, while the TBI+MLN group had

a mean cortical lesion volume of 9.09 – 0.97 mm3.

A two-tailed independent t test found no significant differ-

ence between the TBI groups (t8 = -0.884, p = 0.41, n = 4-5/

group, data not shown).

Discussion
In this study, we present for the first time a multi-modal,

sequential assessment of PFC-mediated oAST and dAST

behavioral tasks in rats injured via frontal lobe-targeted

TBI administered using a well-established CCI model

relevant for executive impairments. Pre-surgery, all rats

trained to stable performance baselines in oAST, then

post-surgery, they were continuously infused intraperito-

neally with MLN (30 mg/kg/day) or VEH. The VEH-

treated injured rats exhibited impaired oAST performance

evidenced by increased total trials to criterion as well as

increased total errors and perseverative errors.

Chronic MLN treatment generally normalized perfor-

mance, resulting in equivalent TBI+MLN and Sham

group performance across all of the above end-points.

Subsequent post-injury dAST assessment in the same

rats demonstrated marked and significant impairments

in reversal learning stages (R1 and R3) for TBI+VEH

compared with SHAM controls, while the TBI+MLN

group performed comparably to SHAM at all stages

except R3, where their performance was similar to TBI+
VEH and significantly impaired with respect to SHAMs.

Drug-treated injured rats also notably required signifi-

cantly fewer trials to criterion than TBI+VEH animals

to complete ED set-shifting, with a trend on R1, demon-

strating benefits of MLN treatment despite a lack of im-

provement in histological outcomes.

Previous TBI investigations injuring the frontal lobe

via CCI have assessed spatial memory, working memory,

and/or motor function,73–80 with only a few examining

higher order cognitive/executive function.70–72,81 A sim-

pler dig task (comparable to the SD and R1 stages of

dAST) has been assessed71,72 in rats with more severe, bi-

lateral frontal TBI where injured rats performed worse

than chance in the R1-equivalent phase, demonstrating

perseveration on the previously learned association and

impaired reversal. Given that lesion volume encom-

passed the near entirety of the bilateral OFC71,72 (which

is critical for reversal learning),27,30,31,40,82–84 this obser-

vation is expected. Notably, a parallel cohort of parietal

CCI animals in the same studies were not impaired in

the dig task.71,72

Within the current frontal CCI literature, the closest re-

port compared with our present experimental design is

the 2016 study from Chou and colleagues,70 which inves-

tigated the digging-based rule shift assay in mice after

unilateral right hemisphere frontal CCI that rendered

comparably small lesion volumes and location. They

found that reversal learning (comparable to dAST R1,

R2, R3 stages) was impaired, but rule shifting (compara-

ble to oAST and dAST ED shifts) was spared.

The findings are concordant with our results, with the

exception that oAST ED shifts were sensitive to impair-

ments in our TBI+VEH rats (with a similar trend in dAST

ED stage), unlike the spared ED shifts in TBI mice during

the digging rule-shift assay.70 This could reflect subtle

differences in injury profiles, particularly as it relates to

the high degree of mPFC-OFC reciprocal projections,

species-specific differences in inter/intraregional connec-

tivity and neurochemistry, or behavioral task design.

Treatments with systemic or local PFC dosing of com-

pounds modulating 5-HT, NE, DA, acetylcholine, and

glutamate neurotransmission influence AST perfor-

mance.29,30,32,35,36,38,39, More specifically, rat mPFC

(analogous to primate dorsolateral PFC)85,86 function

has been demonstrated to rely on noradrenergic and do-

paminergic tone during set shifts.28,37–39,41 Desipramine,

a relatively SNRI, has consistently proven beneficial in

rescuing dAST ED impairments in chronically stressed

rats.29,87 Noradrenergic and dopaminergic function en-

hancement with methylphenidate also rescued dAST im-

pairments across all stages in a rat model of attention

deficit hyperactivity disorder.88

Our TBI+MLN rats demonstrated significant improve-

ments in the ED phase of dAST compared with

TBI+VEH group and were not different than Sham.

Moreover, we report statistically significant impairments

across all outcome measures in oAST (i.e., three ED set-

shifting phases per session) suggesting putative impair-

ment of mPFC-mediated set shifting induced by our

frontal lobe injury model. Given the aforementioned ben-

eficial roles of NE tone in the mPFC for set-shifting per-

formance, we infer the overall oAST and dAST ED

improvements noted in TBI+MLN rats (Figs. 3, 4, 5, 7)
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were most likely related, at least in part, to enhancement

of noradrenergic tone in the mPFC.

While the role of 5-HT is complex, multi-faceted,

region-dependent, and intertwined with NE- and DA-

responsive systems, numerous investigations suggest 5-

HT plays a significant role in OFC-mediated reversal

learning relevant to stages R1, R2, and R3 of

dAST.27,30,31,40,82,83 Selective serotonergic modulation

via chronic daily treatment30,89 or acute pre-task treat-

ment31,89 of the SSRI, citalopram, has proven effective

for improving dAST reversal learning deficits after 5-

HT depletion or chronic intermittent cold stress, an effect

that was blocked by directed infusion of selective 5-

HT2A-R blockade into the OFC30 (analogous to *1⁄3 of

nonhuman primate caudal orbitomedial PFC).85,86

These effects were not reproduced when treated with a

relatively selective noradrenergic agent, desipramine,

reinforcing the OFC/5-HT importance for reversal learn-

ing.89 The SSRIs, however, such as citalopram, escitalo-

pram, and fluoxetine, can also rescue dAST ED set-shift

deficits in models of chronic stress,29,30,36,87,89 suggesting

a complicated and intertwined role in which 5-HT mod-

ulation may have indirect, downstream influences on

DA and/or NE systems in specific pathological states.

One of our recent publications has demonstrated that

chronic treatment with the SSRI, citalopram, improved

dAST performance in parietal-CCI rats during both ED

and R3 stages,35 an effect that was potentiated after a

combined treatment with environmental enrichment,35 a

robust rodent model intervention recapitulating effects

of multi-modal post-injury rehabilitation.65,69,90 Never-

theless, the beneficial effects of chronic MLN administra-

tion in our study likely span involvement of both NE and

5-HT enhancement as determined by multi-modal cogni-

tive testing.

Notably, dAST reversal learning (R1 and R3) was im-

paired in our TBI+VEH animals with significant restora-

tion of performance in R1 enabled by MLN treatment.

Interestingly, citalopram rescued R3 deficits in our pari-

etal CCI study,35 while MLN did not achieve this effect

in the present investigation using frontal CCI. Given

the likely role of 5-HT action in the OFC for reversal

learning detailed above, lower MLN potency specific to

5-HT reuptake may underlie differential effects35 be-

tween these agents in attenuation of TBI-induced dAST

R3 deficits. Alternative possibilities could include a dif-

ferent injury profile (i.e., frontal vs. parietal)35 with dis-

parate effects on interregional connectivity underlying

dAST performance or potential unmeasured detrimental

influence of noradrenergic enhancement.81

Milnacipran has been reported to produce beneficial

effects on dAST ED set-shift impairments induced by

chronic unpredictable stress in rats,43 reproducing NE-

specific improvements in ED stage performance after de-

sipramine treatment.29,36,87 Similarly, oAST impairments

exhibited by TBI+VEH rats as measured by total trials,

total errors, and perseverative errors were restored to

SHAM levels in TBI+MLN rats in the current study,

which represents the first report of MLN beneficial ef-

fects in operant set-shifting. The joint positive effect of

MLN on both oAST sequential dimensional set shifts

as well as dAST set-shifting and reversal learning sug-

gests the dual SNRI mechanism of action may underlie

its benefits in frontal lobe CCI animals.

Despite the novelty and robustness of the data pre-

sented here, it is important to also highlight limitations.

The positive restorative effects of MLN on neurobehav-

ior after TBI would benefit from further exploration

throughout additional dosing paradigms and alternative

locations, severities, and models of TBI before consider-

ation of enhanced clinical testing. Differential effects on

behavioral end-points have been observed when MLN

was dosed in morning versus evening in animals,56 thus

should be further explored especially considering sleep

dysregulation is a major consequence of TBI. In addition,

the chronic MLN treatment regimen employed here was

not significantly neuroprotective in terms of gross corti-

cal tissue loss.

While statistical differences were not detected, possi-

bly because of a small, but behaviorally critical injury-

induced lesion to start with, other work has demonstrated

behavioral improvements post-TBI treatment can occur

independent of significant tissue rescue,35,91 which

could reflect microstructural benefits in lesion-adjacent

tissue not readily appreciable by gross ultrastructure his-

tological evaluations.

In terms of behavior, potential influence of a frontal

compartment injury on olfaction must be considered as

a potential internal confound given proximity of the in-

jury to the olfactory bulb. Animals with TBI were, how-

ever, able to successfully reach criterion in all stages,

including those in which olfactory cues were salient, sug-

gesting this was not a major factor. Moreover, results are

similar across contingencies between operant- and dig-

ging- paradigms despite the operant testing not involving

odor cues.

Finally, female rats have not yet been studied, an im-

portant inclusion given a significant proportion of pa-

tients with TBI are female and differences in behavior,

injury response, and drug metabolism/treatment effects

may exist between sexes. This is an active direction of

our ongoing work for future publication.

Conclusions
This work represents the first time that dual AST mea-

sures have been assessed in the same animals, demon-

strating such behavioral paradigms are sufficiently

sensitive and robust to reliably detect attention and cog-

nitive flexibility impairments after frontal/prefrontal
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TBI in rats. In addition, chronic MLN treatment demon-

strates promising attenuation of executive function defi-

cits in rats with TBI, meriting further investigation in

the rehabilitation milieu.
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