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Abstract
Maladaptive impulsivity manifests in a variety of disorders, including attention-deficit hyperactivity disorder (ADHD),
depression, and substance use disorder. However, the etiological mechanisms of impulsivity remain poorly understood. In
the present study, we used in-vivo proton magnetic resonance spectroscopy (1H-MRS) to investigate neurometabolite
content in the prefrontal cortex (PFC) and striatum of rats exhibiting low- versus high-impulsive (LI, HI) behavior on a visual
attentional task. We validated our 1H-MRS findings using regionally resolved ex-vivo mass spectroscopy, transcriptomics,
and site-directed RNA interference in the ventromedial PFC. We report a significant reduction in myoinositol levels in the
PFC but not the striatum of HI rats compared with LI rats. Reduced myoinositol content was localized to the infralimbic (IL)
cortex, where significant reductions in transcript levels of key proteins involved in the synthesis and recycling of
myoinositol (IMPase1) were also present. Knockdown of IMPase1in the IL cortex increased impulsivity in nonimpulsive rats
when the demand on inhibitory response control was increased. We conclude that diminished myoinositol levels in
ventromedial PFC causally mediate a specific form of impulsivity linked to vulnerability for stimulant addiction in rodents.
Myoinositol and related signaling substrates may thus offer novel opportunities for treating neuropsychiatric disorders
comorbid with impulsive symptomology.

Key words: attention-deficit hyperactivity disorder, inositol monophosphatase 1 (IMPA1), inositol-triphosphate (IP3),
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Introduction

Impulsivity refers to the propensity for rapid, unduly risky,
poorly planned, and prematurely expressed behavior (Evenden
1999; Moeller et al. 2001; Dalley and Robbins 2017). As a
widely studied endophenotype associated with substance
use disorder (Jentsch and Taylor 1999; Ersche et al. 2010),

and as a core manifestation of attention-deficit hyperactivity
disorder (ADHD), impulsivity is recognized as a multivariate
neurobehavioral construct in humans and experimental
animals (Winstanley et al. 2006; Voon and Dalley 2016). Based on
much empirical support, several distinct subtypes of impulsivity
have been identified, including the dichotomies of “waiting”
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and “stopping” impulsivity (Robinson et al. 2009), “action” and
“choice” impulsivity (Winstanley et al. 2006), “restraint” and
“cancelation” impulsivity (Schachar et al. 2007), which each
engage separable but partially overlapping neural networks
(Dalley et al. 2011) and pharmacological mechanisms (Pattij
and Vanderschuren 2008). In particular, the construct of waiting
impulsivity—the inability to withhold responding for a signaled
reward following an unpredictable or unexpected delay—is an
endophenotype strongly linked with substance use disorder
(Dalley and Ersche 2019).

The capacity to restrain responding can be assessed in
rodents using computerized behavioral paradigms, including
the stop-signal reaction time task, go/no-go tasks, and other
motor inhibition tasks based on differential rates of low
reinforcement schedules and the 5-choice serial reaction
time task (5CSRTT) (Evenden 1999). Such tasks depend on
dopamine, norepinephrine, and serotonin (5-HT) operating at
distinct cortical and subcortical loci (Dalley and Roiser 2012).
For example, excessive premature responding on the 5CSRTT
or the equivalent 1-hole reaction time task—an operational
measure of one form of waiting impulsivity—is associated
with low D2 receptor availability in the ventral striatum and
increased 5-HT release in the prefrontal cortex (PFC) (Dalley
et al. 2002, 2007; Jupp et al. 2013). However, increasingly, the
etiology of impulsivity is recognized to involve neural circuits
and mechanisms beyond the monoamine systems. For example,
impulsivity on the 5CSRTT is predicted by γ -amino-butyric acid
(GABA) and morphological deficits in the NAcb (Caprioli et al.
2014) and insular cortex (Belin-Rauscent et al. 2016) suggesting
that local circuit-level perturbations in cortical and subcortical
regions may play a role in the genesis of this behavior.

Magnetic resonance spectroscopy (MRS) is a noninvasive,
clinically relevant and translatable neuroimaging methodology
used widely to assess the relative concentration of key
neurochemicals underlying metabolic processes and neuro-
transmitter composition within experimentally selected regions
of the brain (Boy et al. 2011; Godlewska et al. 2017). To date,
however, few studies have used this approach to investigate
neurochemical and metabolic biomarkers associated with
impulsivity in clinical populations (reviewed in (Naaijen et al.
2015)) or impulsivity traits in experimental animals. Thus, in
the present study, we used in-vivo proton (1H) MRS to quantify
neurometabolite content in the PFC and striatum of rats
phenotyped for trait high or low levels of impulsive responding
on the 5CSRTT. Trait-like impulsivity on this task predicts several
features of substance use disorder, including an increased
propensity for escalation, relapse, and compulsive drug seeking
and taking (Dalley et al. 2007; Belin et al. 2008; Diergaarde et al.
2008; Economidou et al. 2009). We validated our neurochemical
findings with direct neurometabolite measurement by mass
spectrometry (MS), local gene transcription, and selective
silencing of genes associated with the synthesis and turnover
of identified candidate neurometabolites.

Materials and Methods
Experimental Subjects

Subjects were 288 male, Lister-hooded rats, weighing 280–300 g
at the start of the experiment. Water was available ad libitum
and sufficient food was provided to maintain body weights
at no less than 90% of free-feeding weights for the duration
of the study (18–20 g chow/day). Rats were housed under

temperature- and humidity-controlled conditions and a
reversed 12-h light/dark cycle (white lights off/red light on
at 07:00 h). Rats destined for ex-vivo mass spectroscopy
analysis (n = 48) were housed under identical conditions with
experimental procedures authorized by the Local Animal Care
and Use Committee at Boehringer Ingelheim Inc. and the USDA
Animal Welfare Act. Experiments in the UK were in accordance
with the UK (1986) Animal (Scientific Procedures) Act and were
approved by the University of Cambridge Animal Welfare and
Ethical Review Body (AWERB).

Behavioral Training and Impulsivity Screening

Rats were trained daily on the 5CSRTT using apparatus (Med
Associates Inc) controlled by WhiskerServer and FiveChoice
client software (Cardinal and Aitken 2010), as described
previously (Bari et al. 2008). Training sessions consisted of 100
discrete trials or 30 min, whichever elapsed first. Each trial was
initiated by the entry of the animal into the food magazine.
Following an intertrial interval (ITI) of 5 s, a brief light stimulus
(0.7 s in duration) was presented on a random basis in one of
the five apertures. A nose poke into the corresponding aperture
was rewarded with delivery of one food pellet (TestDiet). Failure
of the animal to respond within 5 s (omission), a nose poke
into the incorrect aperture (incorrect response) or prior to
the presentation of the light stimulus (premature response)
resulted in a 5 s time-out, during which time the house light
was extinguished, and no new trials could be initiated. Daily
training sessions, 6 days a week, continued until acquisition of
stable responding (response accuracy ≤ 75%, omissions ≤ 20%)
at which point animals were challenged with a series of long
ITI sessions, during which time the ITI was increased to 7 s
to increase the number of premature responses across these
sessions. A challenge session was employed once every five
sessions, on three occasions. Rats were ranked for their level
of impulsivity based on the number of premature responses
across the three challenge sessions, as described previously
(Dalley et al. 2007). Rats expressing on average ≥50% premature
responses were deemed high impulsive while those expressing
≤30% premature responses were considered low impulsive. An
equal number of HI and LI rats were included in each phase
of the experiment. Rats across all three cohorts demonstrated
significant differences in the number of premature responses
(F(2,46) = 9.7, P = 0.0003) and discriminative attentional accuracy
(F(2,46) = 6.2, P = 0.004) with no significant difference in the
number of omissions (F(2,46) = 1.2, P = 0.3) (Table 1). Given these
cohort-specific effects, we were therefore unable to determine
the relationship between the various in-vivo- and ex-vivo-
dependent variables of this study. We thus restricted our
analyses of HI versus LI contrasts to each individual cohort.

1H Magnetic Resonance Spectroscopy

Proton magnetic resonance spectroscopy (1H-MRS) was con-
ducted using a 4.7 T small-animal spectrometer run with Paravi-
sion 5.1 software (Bruker Biospec). Twelve HI and 12 LI rats were
scanned under isoflurane-induced general anesthesia (1.5–2.5%
in 1 l/min medical O2) with continuous physiological monitoring
(breathing rate, heart rate, body temperature, and oxygen satu-
ration) throughout the duration of the experiment. Anesthetic
dose rates were adjusted to keep respiration rates within an
appropriate physiological range (50–70 cycles/min), and body
temperature was maintained at 37◦C with a water heating pad.
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Table 1 A summary of the behavioral variables assessed during the three long ITI sessions used to screen for the HI and LI phenotypes

Premature responses∗ ,∗∗ ,∗∗∗ Correct responses∗ ,∗∗ Omissions∗∗∗
HI LI HI LI HI LI

1H-MRS n = 96 12HI/12LI 65.39 ± 3.43 26.44 ± 1.01 76.99 ± 1.37 79.61 ± 1.51 8.64 ± 1.51 8.56 ± 1.16
MS n = 48 6HI/6LI 60.88 ± 4.76 17.72 ± 1.08a 71.00 ± 1.26 78.82 ± 2.82 4.88 ± 0.90a 12.60 ± 2.01
qRTPCR n = 96 8HI/8LI 63.14 ± 4.55 18.96 ± 1.49a 78.73 ± 5.56b 84.45 ± 1.98 12.60 ± 2.07b 7.71 ± 1.07

In total, three cohorts of rats were trained and screened for impulsivity; these were subsequently used for magnetic resonance spectroscopy (1H-MRS), MS and
quantitative real time PCR (qRTPCR).
∗P < 0.05 main effect of impulsivity.
∗∗P < 0.05 main effect of cohort.
∗∗∗P < 0.05 interaction, two-way ANOVA.

aP < 0.05 vs. MRS.
bP < 0.05 vs. MS, Sidak post hoc comparison.

Scans were acquired using a 72 mm birdcage transmit coil
(Bruker model T2000V3) and a 4-channel array for reception
(Bruker model T13014). Localizer and rapid acquisition with
relaxation enhancement images were first acquired (repetition
time 15.3 s, effective echo time 36 ms, echo train length 8,
field of view 64 × 64 mm2, matrix 256 × 256 for 250 μm planar
resolution with 250 μm slice thickness in 6 min 7 s) to guide
placement of the voxel of interest for MRS measurement. A
PRESS (point resolved spectroscopy) protocol was acquired in
two locations: PFC and striatum (Fig. 1). Automated adjustments
were conducted for receive frequency and transmit power.
An automated image-based shimming routine (MAPSHIM)
and manual adjustment of water suppression pulses (VAPOR)
were performed for each voxel prior to acquisition. Metabolite
concentrations were calculated using LCModel (Provencher
2001) and normalized to creatinine-containing metabolites
(creatinine + phosphocreatine; Cr + PCr). Assessed metabolites
were considered reliable and included in analysis where the
estimated Cramér-Rao lower bound (CRLB) value calculated by
LCModel was within 20%.

Ex-vivo Analysis of Myoinositol

To validate the findings of the 1H-MRS study, tissue microdis-
sections of PFC subregions (infralimbic cortex, prelimbic cortex,
and anterior cingulate cortex) were analyzed using MS to assess
myoinositol levels in a separate cohort of HI (n = 6) and LI
(n = 6) rats. Following screening for impulsivity, animals were
terminally anesthetized with sodium pentobarbital (1.5 mL,
200 mg/mL i.p.) and decapitated. Brains were then rapidly
excised and frozen over liquid nitrogen. All brains were
stored at −80◦C until use. Bilateral tissue microdissections
(1 mm × 150 μm) of target regions-of-interest were collected
from coronal cryo-sections cut on a CM300 cryostat (Leica) and
weighed before being stored at −80◦C until further processing.

Solvents were purchased from Fisher Scientific and plastic
consumables from Eppendorf. Chemical reference compounds
were purchased from Sigma-Aldrich. Brain punches were
homogenized in water with a Precellys tissue homogenizer
(Bertin) in a 1:50 ratio. Ten μL of the homogenate was
spiked with 20 μL of 400 μM myo-inositol-C-d6 (internal
standard). Protein was precipitated by addition of 100 μL
acetonitrile/methanol (50:50), freezing for 10 min at −20◦C
and subsequent centrifugation at 4000 rpm, 4◦C for 10 min.
Twenty μL of the supernatant was injected into the liquid
chromatography—MS system. Calibrants in the range of
0.2–200 μM were prepared in water. A triple quadrupole
6500 (AB Sciex) MS was equipped with an autosampler and

liquid-chromatography (LC) 1200 (Agilent) system. The instru-
ment operated in negative mode and the following transitions
were recorded: myo-inositol Q1 = 179.0, Q3 = 87.0, DP = −80,
CE = −5; N-acetylaspartic acid (NAA), Q1 = 173.9, Q3 = 88.1,
DP = −15, CE = −22 and myo-inositol-C-d6 Q1 = 185.0, Q3 = 92,
DP = −80, CE = −12. Analytes were separated on a Luna NH2
5 μm, 150 × 2 mm column (Phenomenex). Solvent A was
composed of 20 mM ammonium acetate, 20 mM ammonium
hydroxide in 95:5 water/acetonitrile (pH 9); solvent B was
100% acetonitrile. The LC gradient started at 85% solvent B,
maintained for 0.7 min, and then decreased to 2% for 1 min. For
reequilibration, solvent B was set to 85% for 1.5 min. Myoinositol
concentration was normalized to NAA concentration to account
for differences in tissue content between samples and averaged
across duplicate samples. Duplicate samples which showed
greater than 20% standard deviation in concentration were
excluded from further analysis.

Quantitative Real Time PCR

To investigate whether the observed reduction in myoinositol
was associated with deficits in synthesis and/or trans-
port, transcript levels were assayed for proteins involved
in myoinsoitol production (inositol-3-phosphate synthase 1,
ISYNA1; inositol monophosphatase 1, IMPase1), uptake (sodium
myoinositol intracellular transporter 1, SMIT1), and breakdown
(CDP-diacylglycerol-inositol 3-phosphatidyltransferase, CDIPT),
within the infralimbic cortex of a separate cohort of rats
screened on the 5CSRTT (Cohort 3: HI, n = 8; LI n = 8). Since
myoinositol has been implicated as a putative glial marker
(Griffin et al. 2002), and given that glucose is a precursor for
myo-inositol synthesis, we additionally assessed the levels of
glial fibriliary acidic protein (GFAP) and the two brain glucose
transporters (GLUT1 and GLUT3).

Following screening for impulsivity phenotypes, rats were
terminally anesthetized with sodium pentobarbital (1.5 mL,
200 mg/mL i.p.). Following decapitation, brains were rapidly
excised, frozen over liquid nitrogen, and stored at −80◦C until
use. Tissue microdissections (1 mm × 300 μm) targeting the
infralimbic and prelimbic cortex were collected from coronal
cryo-sections cut on a CM300 cryostat (Leica) and stored at
−80◦C until further use. Messenger RNA was extracted from the
frozen samples using the RNeasy Micro Kit (Qiagen) and reverse
transcribed using the RT2 first strand kit (Qiagen) according
to the manufacturer’s protocol. qRT-PCR amplification was
performed using a QFX96 PCR detection system (Biorad) with
the use of RT2 SYBER Green Master Mix (Qiagen) with RT2 qPCR
primer assay for each gene of interest (Qiagen). ACTB, HPRT, and
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Figure 1. Representative voxel positions for 1H-MRS. (A) PFC (B) striatum.

TBP were used as housekeeping genes and samples were run
in duplicate. On occasions where duplicate samples showed
greater than 20% standard deviation in expression these were
excluded from further analysis. Relative gene expression was
calculated using the delta Ct method.

siRNA-Mediated Knockdown of IMPase1

Under isoflurane anesthesia (1.5–2% in medical air), nine non-
impulsive rats (mean premature responses during three long-
ITI sessions <50) from a separate cohort of rats (Cohort 4) were
implanted with bilateral 22-gage double-lumen guide cannulae
(Plastics One) above the infralimbic cortex. Stereotaxic coor-
dinates relative to bregma were: anterior-posterior +3.0 mm,
medial-lateral ±0.75 mm, and dorsal-ventral −2.2 mm (Paxinos
and Watson 2007). Guide cannula were occluded by a stylet
and secured to the skull with dental cement and stainless-steel
screws.

Following a 1-week recovery period, animals were retrained
on the 5CSRTT and rechallenged across a series of LITI sessions
to ensure baseline premature responding was consistent across
the cohort, affected as a result of implantation of the cannula
(Chudasama et al. 2003). Rats then received bilateral infusions
of siRNA targeting IMPase1 (n = 5, ON-TARGETplus SMARTpool,
Dharmacon Inc.), or a nontargeting control siRNA (n = 4, Dhar-
macon Inc.), diluted in polyethyleneimine (in-vivo jet-PEI, Poly-
plus Transfection). Each 1 μL microinfusion contained 0.5 μg/μL
siRNA and was delivered at 0.1 μL/min into the infralimbic
cortex under isoflurane anesthesia (1.5% in medical air) on two
consecutive days. Training sessions were again resumed the day
following the final siRNA infusion and continued 6 days a week
throughout the experimental period.

Behavioral Consequences of IMPase1knockdown

Three days after the final siRNA infusion, performance on the
5CSRTT was evaluated using a variable ITI session consisting
of 40 trials each of 5, 7, and 9 s ITIs. This session, incorpo-
rating unpredictable waiting intervals, selectively challenged
inhibitory control processes when transcript knockdown was
considered maximal (Karatas et al. 2013). Following a washout
period of 3 weeks, after which time recovery of expression was
assumed to be complete (Batassa et al. 2010), siRNA treatment
was reversed such that rats that had previously received tar-
geted siRNA were infused with control siRNA and vice versa.
Behavioral performance on the 5CSRTT was again assessed
3 days after the final siRNA infusion. For one animal infused with
targeted siRNA, a technical fault in the behavioral apparatus
precluded the inclusion of their data in the final analysis.

At the end of the behavioral assessment, rats were terminally
anesthetized with sodium pentobarbitone (1.5 mL, 200 mg/mL,
i.p.) and perfused transcardially with 100 mL 0.1 M PBS followed
by 400 mL 4% paraformaldehyde (Sigma). Brains were postfixed
overnight in 4% paraformaldehyde, and cryoprotected in 20%
sucrose in PBS for 24 h, prior to being frozen over liquid nitrogen
and stored at −80◦C. Serial 50 μm cryo-sections sampling the
entire PFC were then collected and examined to reconstruct the
location of cannula in the PFC. Two of the nine animals were
excluded from the study due to incorrect cannula placement.

Validation of IMPase1knockdown

To validate the efficacy of siRNA-mediated inhibition of IMPase1
transcript expression, a behaviorally naive cohort of rats (n = 12)
was implanted with bilaterally indwelling cannula overlying the
infralimbic cortex. Following 1 week of recovery, rats received
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either siRNA targeting IMPase1 (n = 6) or nontargeting siRNA
(n = 6), as described above. Five days following the final siRNA
infusion, corresponding to the same time point that the vari-
able intertrial interval (vITI) was assessed, rats were terminally
anesthetized with sodium pentobarbital (1.5 mL, 200 mg/mL i.p.),
decapitated, and their brains rapidly excised and frozen over
liquid nitrogen. Brains were stored at −80◦C until further pro-
cessing. Tissue microdissections (1 mm × 300 μm) targeting the
infralimbic cortex were collected from 300 μm cryo-sections.
RNA was prepared and IMPase1 expression assessed using qRT-
PCR, as described above.

Statistical Analysis

Statistical analyses were carried out using SPSS (IBM version 23).
Rats were classified as LI versus HI according to the numerical
classification described above. Task variables (premature
responses, accuracy, and omissions) were averaged across the
three long LITI sessions and compared between HI and LI rats
by two-way ANOVA with impulsivity phenotype as the between
subject’s factor (HI and LI) and cohort as the within subject’s
variable. Homogeneity of variance was verified using Levene’s
test whilst normality was assessed by the Shapiro Wilk’s
test. Where homogeneity of variance was violated, statistical
analyses were conducted on log transformed data. Differences
in in-vivo and post mortem levels of neurometabolites were
assessed by independent Student’s t-tests. Consistent with
previous exploratory 1H-MRS studies of rodent behavior (e.g.,
Yoo et al. 2018), t-tests were conducted without correction
for multiple comparisons, and while the application of this
statistical analysis should be interpreted with caution given the
increased likelihood of type I error, this approach accounts for
the relatively low subject numbers available for the study. Gene
transcripts were clustered together as either those involved in
myoinositol transport, synthesis, and recycling through the IP3
pathway (CDIPT, SMIT1, and IMPA1) or involved in the de novo
synthesis of myo-inositol from its precursor glucose, which also
included glucose handling and glial markers (ISYNA1, GLUT1, 3
and GFAP). Transcript data were analyzed by two-way ANOVA
with impulsivity phenotype as the between subject’s factor
(HI and LI) and transcript as the within subject’s variable. The
effect of transcript knockdown on performance on the 5CSRTT
was assessed using a repeated measures mixed effects model
ANOVA with treatment as the between subject’s factor (control,
knockdown) and ITI (5s, 7s, 9s) as the within subject’s factor. Post
hoc analyses were performed using Sidak’s procedure. Statistical
significance was set at P < 0.05.

Results
Trait Impulsive Rats Show a Reduction in Myoinositol
Content in the PFC

We first used 1H-MRS to profile key neurometabolites in the PFC
and ventral striatum of rats stratified for extreme low versus
high impulsivity in the 5CSRTT. Using this imaging approach,
we assessed neuronal integrity (NAA), glial cellular (myoinositol)
and microtubule markers (taurine, Tau), glutamate metabolism
(glutamate, Glu; glutamine, Gln), antioxidants (glutathione,
GSH), and choline metabolites (glycerophosphorylcholine, GPC;
phosphocholine, PCh) as well as glucose (Glc). This analysis
revealed that myoinositol content in the PFC volume of interest
was significantly reduced in HI rats compared with LI rats

Table 2 Relative concentration of neurometabolites in the PFC as
detected by 1H-MRS

Metabolite LI n = 12 HI n = 12

NAA 0.90 ± 0.04 0.89 ± 0.02
Ins 0.72 ± 0.02 0.63 ± 0.03∗
Glu 1.62 ± 0.03 1.60 ± 0.03
Gln 0.73 ± 0.03 0.72 ± 0.04
GSH 0.43 ± 0.02 0.43 ± 0.02
Tau 0.73 ± 0.04 0.75 ± 0.03

Myoinositol (Ins) concentration was significantly lower in the PFC of HI rats. No
significant differences were observed for any other metabolites.
∗ P < 0.05.

Table 3 Relative concentration of neurometabolites in the striatum as
detected by 1H-MRS

Metabolite LI n = 12 HI n = 12

NAA 0.75 ± 0.02 0.81 ± 0.02
Ins 0.79 ± 0.03 0.81 ± 0.02
Glu 1.35 ± 0.03 1.39 ± 0.03
Gln 0.75 ± 0.03 0.73 ± 0.04
GSH 0.37 ± 0.02 0.37 ± 0.02
Tau 0.88 ± 0.04 0.92 ± 0.03

No significant differences were observed for any metabolites in this region.

(t = 2.183, P = 0.04, Fig. 2A). However, when applying a statistical
test to account for multiple comparisons (two-way ANOVA with
Sidak’s multiple comparison test), this effect was no longer
significant (P = 0.17). The trend reduction in in-vivo myoinositol
concentration was neurochemically and regionally selective
with no significant differences in other neurometabolites in
this region or within the striatum (Tables 2 and 3). Given that
the PFC voxel encompassed functionally distinct regions of
the PFC known differentially to contribute to impulsivity, we
next used ex-vivo MS in a separate cohort of rats to measure
myoinositol levels directly in the prelimbic (PrL), infralimbic (IL),
and anterior cingulate cortices (ACC) of HI and LI rats. We found
that myoinositol content was significantly reduced in the IL
cortex of HI animals compared with LI rats (t = 4.286, P < 0.01;
Fig. 2D) but was no different between HI and LI rats in the ACC
and PrL (Fig. 2B,C). Thus, using two complementary approaches,
our findings show that myoinositol content is significantly and
selectively diminished in the IL cortex of HI rats.

Transcript Levels of Proteins Involved in Myoinositol
Synthesis and Transport are Reduced in the Infralimbic
Cortex of HI Rats

To determine the origin of the observed reduction in myoinositol
content in the IL cortex of HI rats, we next measured local tran-
script levels of proteins involved in the transport (SMIT1), syn-
thesis (IMPase1), and recycling (CDIPT) of myoinositol through
the IP3 pathway, as well as transcripts of transporters for glucose
(glucose transporter 1, GLUT1, GLUT3), and glial cellular func-
tion (glial fibrillary acidic protein, GFAP) in this region. A main
effect of impulsivity was observed for transcripts involved in the
transport, synthesis, and recycling of myoinositol through the
IP3 pathway (F(1,37) = 21.31, P < 0.0001), with post hoc analysis
revealing a significant reduction in the expression of IMPase1 in
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Figure 2. Relative myoinositol concentration within the PFC from 1H-MRS and mass spectroscopy studies in high (HI) and low (LI) impulsive rats. (A) In-vivo myoinositol
concentration was significantly reduced as detected by magnetic resonance spectroscopy in the PFC of HI rats. Direct measurement of myoinositol in microdissected

subregions of the PFC using mass spectroscopy revealed no significant changes in myoinositol content within the anterior cingulate (AC) (B) and prelimbic (PrL) (C)
cortices. By contrast, myoinositol levels were significantly reduced within the infralimbic cortex (IL) of HI versus LI rats (D). Data are expressed as a percentage of
normalized myoinositol concentration in LI rats,∗ denotes P < 0.05.

the IL cortex of HI rats (t = 3.633, P < 0.01) (Fig. 3B). No significant
differences in gene expression were identified for transcripts
involved in de novo synthesis of myoinositol from its precursor
glucose, glucose handling, or the glial marker GFAP within this
region (Fig. 3C). We also observed no significant differences in
transcript expression of IMPase1, CDIPT, and SMIT1 in the PrL
cortex of HI and LI rats (Fig. 3D).

Knockdown of IMPase1 Expression in the Infralimbic
Cortex Increases Impulsive Responding

To investigate whether a diminished capacity for myoinositol
synthesis within the IL cortex causally modulates impulsivity,
we inhibited transcript expression of IMPase1 using a siRNA
approach. Knockdown of this transcript significantly increased
premature responding on a vITI challenge specifically at the
9s ITI (ITI: F(2,12) = 168.7, P < 0.0001; treatment: F(1,6) = 24.91,
P = 0.025; ITI × treatment interaction: F(2,9) = 60.93, P = 0.0001,
post hoc test 9 s ITI t = 11.1, P < 0.0001; Fig. 4D). This consequence
of IMPase knockdown was behaviorally selective with no signif-
icant effects on other task variables, including attentional accu-
racy, response latencies, and omissions (Fig. 4E–G). To confirm
the observed effect of IMPase knockdown was not influenced by
the cross-over experimental design, secondary statistical anal-
ysis comparing premature responding at 9s between animals
receiving either knockdown or control siRNA as the first or sec-
ond treatment revealed a main effect of treatment F(3,9) = 5.580,
P = 0.019, ANOVA). Post hoc analyses found no significant dif-
ferences in premature responding in animals within each con-
trol (control 1 vs. control 2, q = 1.252, P > 0.8) and knockdown
groups (knockdown 1 vs. knockdown 2, q = 2.898, P > 0.2), with
significant or near significant differences between all control
and knockdown groups (control 1 vs. knockdown 1, q = 4.01,
P = 0.06; control 1 vs. knockdown 2, q = 4.19, P = 0.06; control 2
vs. knockdown 1, q = 3.721, P = 0.09, control 2 vs. knockdown 2,
q = 5.521, P = 0.01). These analyses confirm that there was no
effect of treatment order on the reported behavioral effects.

We next validated the siRNA approach by evaluating
IMPase1 expression after targeted siRNA administration in the
IL cortex at the same corresponding time point as the vITI
challenge in a separate cohort of naive rats. We confirmed that
locally administered siRNA resulted in a significant reduction
in IMPase1expression in the IL cortex (t = 2.913, P = 0.009),
corresponding to an approximate 50% decrease compared to

transcript expression following treatment with the nontargeting
control siRNA (Fig. 4C).

Discussion
The main findings of this study demonstrate that impulsive
responding on the 5CSRTT in rats is associated with reduced
levels of myoinositol in the IL cortex, an area equivalent phy-
logenetically to Brodmann area 25 in humans (Uylings et al.
2003; Vertes 2004; Gabbott et al. 2005). Our findings indicate
that diminished myoinositol levels may have been caused by a
reduction in the capacity for the synthesis and/or recycling of
this key signaling compound in the IL cortex, as indicated by a
reduction in transcript expression of the main enzyme involved
in these processes, IMPase1. Thus, knocking down the expres-
sion of IMPase1 within the IL cortex was sufficient to increase
impulsive responding under conditions of uncertainty in oth-
erwise nonimpulsive rats. These findings collectively reveal a
relationship between reduced myoinositol signaling in the ven-
tromedial PFC and increased impulsivity. Reduced myoinositol
content and function in homologous areas of human PFC may
therefore be a candidate substrate for both impulsivity-related
temperaments and as a cortical biomarker for clinical disorders
of impulse control.

Accumulating evidence indicates that the ventromedial PFC
is critically involved in impulsive responding on the 5CSRTT and
analogous measures of waiting impulsivity in both rodents and
humans. Thus, physical lesions and pharmacological inactiva-
tion of this region enhance premature responding on both the
5CSRTT and analogous three-choice task in rats (Chudasama
et al. 2003; Tsutsui-Kimura et al. 2014; Tsutsui-Kimura et al.
2016). Moreover, neural activity in this region encodes impul-
sive responses on both three-choice and two-choice variants
of the 5CSRTT (Tsutsui-Kimura et al. 2016) while in humans
impulsivity is related to cortical thickness (Merz et al. 2018)
and activation (Christakou et al. 2011) of the ventromedial PFC.
In neural connectivity terms, ventromedial PFC is posited to
control impulsive urges through its rich connectivity with the
NAc shell (Feja and Koch 2015) and by noradrenergic (Tsut-
sui-Kimura et al. 2014), cholinergic (Tsutsui-Kimura et al. 2010),
glutamatergic (Benn and Robinson 2014) and GABAergic (Mur-
phy et al. 2012) signaling. Our findings thus confirm the involve-
ment of the IL cortex in anticipatory impulsive behavior and
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Figure 3. Transcript expression of genes related to the synthesis, uptake, and recycling of myoinositol and its precursor glucose, in high (HI) and low (LI) impulsive

rats in the infralimbic and prelimbic cortex. (A) Inositol pathway showing de novo synthesis of myoinositol from its precursor, glucose, dietary uptake, and recycling
through the IP3 pathway. Specific transcripts investigated are highlighted in red. (B) Transcript expression for enzymes involved in de novo synthesis (Impa1) and
recycling (Cdipt, Impa1) through the IP3 pathway and cellular uptake (Smit1) of dietary myoinositol were significantly reduced in the IL cortex of HI rats. Post hoc
tests revealed a significant reduction in the expression of IMPase1 in the IL cortex of HI rats compared with LI ras (∗P < 0.01). (C) No difference was observed in the

expression of transcripts relating to the synthesis of myoinositol from glucose (Isyna1), glucose handling (Glut1, Glut3), or the glial marker Gfap between HI and LI
rats in this region. (D) No difference was observed in the expression of transcripts relating to the synthesis and recycling of myoinositol through the IP3 pathway
in the adjacent prelimbic cortex. Data are presented as a percentage of average transcript expression in LI rats. G6P—glucose-6-phosphate; MI—myoinositol; IP3—
Inositol-trisphosphate; IP2—inositol-bisphosphate; IP1—Inositol-monophosphate; PI—phosphotidylinositol; PIP2—Phosphatidylinositol-bisphosphate, G—G protein,

PLC—phospholipase C; DAG—diacylglycerol; PKC—protein kinase C.

highlight a putative mechanistic contribution of locally dysreg-
ulated myoinositol signaling in this region.

Myoinositol is an important component of membrane lipids
with specific functions including osmoregulation (Fisher et al.
2002), autophagy (Sarkar and Rubinsztein 2006), and as a sub-
strate in the IP3 signal transduction pathway, the latter mediat-
ing an array of cellular processes important for neuronal func-
tions relating to calcium signaling and homeostasis (reviewed in
(Berridge 2009)). Although myoinositol is generally considered
a glial marker (Brand et al. 1993), there is also evidence for
its presence in neurons (Novak et al. 1999) where it is pro-
duced and regulated by several distinct processes (see Fig. 3A).
These include the transport of dietary precursors across plasma
membranes, a process controlled by SMIT; de novo synthesis
from glucose-6-phosphate involving ISYNA and IMPase1, recy-
cling via the IP3 pathway mediated by CDIPT and IMPase1,
and myoinositol efflux controlled by a volume-sensitive organic
osmolyte channel (Rae 2014). Our findings suggest that high
impulsivity may be caused in part by abnormalities in either de

novo synthesis of myoinositol and/or its recycling via the IP3

pathway. Thus, the differentially reduced levels of myoinositol
we observed in the IL cortex of HI rats were also accompanied
by locally decreased transcript levels of IMPase1. These changes
were regionally and neurochemically selective with no signif-
icant changes in transcript levels of proteins involved in the
metabolism and turnover of myoinositol in the adjacent pre-
limbic cortex. Further, given that we observed no differences in
GFAP transcript levels, n-acetyl-aspartate (an osmolyte and neu-
ronal marker) or glucose content between HI and LI animals, the
observed deficiency in myoinositol was unlikely to have been
caused by deficits in glial function, neuronal density, glucose
metabolism, or osmoregulation. It should be noted, however,
that our capacity to detect the precise regional locus of reduced
myoinositol concentration using 1H-MRS was somewhat limited
with the contrast between HI and LI rats failing to survive
correction for multiple comparisons. This limitation most likely
reflected the relatively large voxel size used compared with
the more restricted IL subregion, limiting the sensitivity of our
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Figure 4. SiRNA-mediated knockdown of Impa1 transcript expression in the IL cortex increased premature responding in the 5CSRTT. (A) Study design. Following

surgical implantation of a guide cannula targeting the IL cortex, animals were retrained on the 5CSRTT prior to receiving bilateral infusions of siRNA targeting IMPase1
or a nontargeting control siRNA over two consecutive days and assessed 5 days later on a vITI schedule. After a washout period of 21 days, animals received the
second intervention (siRNA targeting or nontargeting IMPase1) and were again assessed with a vITI challenge session. (B) Injector tip locations within the IL cortex
of rats treated with siRNA. (C) Knockdown siRNA treatment significantly reduced Impa1 expression in the IL cortex compared with nontargeting control siRNA. (D) A

significant effect of siRNA knockdown was observed for premature responding during a variable vITI challenge, specifically when the ITI was increased to 9 sec, (E–G)
No effect of siRNA treatment was observed on task accuracy, collection latency or omissions. ∗ denotes P < 0.05, control n = 5, knockdown n = 7.

approach, which was further compounded by our relatively
small sample size. Nevertheless, we were able to demonstrate
the sufficiency of knockdown of IMPase1 transcript expression
within the IL cortex to enhance impulsive responding on the
5CSRTT, suggesting that the observed reduction in myoinos-
itol concentration was causally related to the expression of
impulsivity in HI rats. Although it should be acknowledged that
we did not directly measure myoinositol levels following local
knockdown of IMPase1 activity this has previously been verified
(Pettegrew et al. 2001).

The effect of IMPase1 knockdown on premature responding
was found to be restricted to only the longest ITI trial, suggesting
an effect of myoinositol deficiency on premature responding
only under conditions of uncertainty, given the extended expo-
sure of the rats to both the 5s SITI and 7s LITI conditions prior to

siRNA treatment. In keeping with this hypothesis, no difference
in impulsive responding was observed for premature responding
during the SITI screening sessions between HI and LI rats.

There has been renewed interest in understanding the
mechanism of action of lithium in lowering impulsivity in
mania, bipolar disorder, and other psychiatric disorders. In
rodent tasks of impulsivity, lithium and the lithium-mimetic
compound ebselen dose-dependently reduced impulsive
behavior (Ohmura et al. 2012; Halcomb et al. 2013; Barkus et
al. 2018), an action believed to be mediated by a reduction
in cortical myoinositol levels (Lan et al. 2009), secondary to
IMPase1 inhibition (Hallcher and Sherman 1980; Agam et al.
2009; Berridge 2009; Sade et al. 2016). However, given our
present findings of diminished myoinositol levels in highly
impulsive rats and the observed effect of IMPase 1 inhibition



3400 Cerebral Cortex, 2020, Vol. 30, No. 5

in the IL cortex to increase impulsivity, it appears unlikely that
lithium’s effect to reduce impulsivity occurred as a result of
diminished cortical myoinositol levels. Indeed, beyond its effects
on IMPase1 activity, lithium also inhibits glycogen synthase
kinase 3 (Jope 2003), an enzyme involved in many central
intracellular pathways and linked with increased impulsivity
in bipolar disorder (Jimenez et al. 2014). Alternatively, since both
lithium and ebselen exert inhibitory effects on 5-HT2A receptor
signaling (Goodwin et al. 1986; Antoniadou et al. 2018) and that
5-HT2A receptor antagonists decrease premature responding in
the 5CSRTT (Passetti et al. 2003; Winstanley et al. 2004), lithium
and related compounds may act via 5-HT receptor-dependent
mechanisms to reduce impulsivity. Supporting this possibility,
the mood stabilizer valproate decreases myoinositol synthesis
(O’Donnell et al. 2003) and increases the expression of 5HT2A
receptors (Sullivan et al. 2004) but has no effect on impulsive
responding in the analogous 3CSRTT (Ohmura et al. 2012).
Thus, it appears that lithium and related compounds decrease
impulsivity by a mechanism independent of myoinositol
signalling, potentially via effects on the 5HT2A receptor.

The present findings are compatible with 1H-MRS studies
reporting reduced levels of myoinositol in the PFC of various
neuropsychiatric patient groups linked to impulsivity, including
ADHD (Ferreira et al. 2009), depression (Coupland et al. 2005),
schizophrenia (Shimon et al. 1998; Das et al. 2018), and substance
use disorder (Durazzo et al. 2016; Murray et al. 2016). Impor-
tantly for this finding, therapeutics used to treat disorders of
impulsivity such as methylphenidate (Quansah et al. 2017) and
d-amphetamine (Barkai 1981) reportedly increase myoinositol
levels in the human brain. Thus, our findings may have trans-
lational significance for understanding the pathophysiology of
impulsivity-related disorders as well as the mechanism of action
of clinically efficacious drugs. In defining this mechanism it is
perhaps relevant to note that the IL cortex, corresponding to
BA25 in humans, is widely implicated in negative affect (Myer-
s-Schulz and Koenigs 2012), not only as an important neural
locus linking emotionality with impulsive behavior (i.e., negative
urgency) (e.g., Cyders et al. 2014; Hoptman et al. 2014) but also the
integration of subjective reward-related information needed for
appropriate decision-making (Mason et al. 2014). Thus, impaired
myoinositol signaling in the IL cortex or its functional homo-
logue in humans may predispose individuals to risky, impulsive
decision-making under conditions of negative emotional state.

Conclusions
Using in-vivo 1H-MRS, ex-vivo neurochemistry, and a comple-
mentary behavioral analysis, we report a novel role for myoinos-
itol within the IL cortex in regulating impulsive behavior in rats.
Based on our findings, this involvement may include deficits
in the denovo synthesis of myoinositol and/or its recycling
through the IP3 pathway. This research confirms the importance
of the IL cortex in regulating one form of “waiting impulsivity”
and provides a putative mechanistic explanation and cortical
biomarker of trait-like impulsivity, with clinical implications for
such neuropsychiatric disorders as ADHD and substance use
disorder.
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