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SUMMARY

West syndrome, an age-specific epileptic encephalopathy, manifests with infantile

spasms (IS) and impaired neurodevelopmental outcomes and epilepsy. The multiple-

hit rat model of IS is a chronic model of IS due to structural etiology, in which spasms

respond partially to vigabatrin analogs. Using this model, we investigated whether IS

due to structural etiology may have deficits in parvalbumin (PRV) and somatostatin

(SST) immunoreactive (-ir) interneurons, and calretinin-ir (CR-ir) neurons of the pri-

mary somatosensory cortex of postnatal day (PN) 20–24 rats, using specific immuno-

histochemical assays. PN3 Sprague-Dawley male rats underwent the multiple-hit

induction protocol, were monitored until PN20–24, and were transcardially perfused

to collect brains for histology. Age-matched sham and naive control male rats were

also used. Coronal brain cryosections were stained with anti-PRV, anti-CR, and anti-

SST antibodies, and regions of interest (ROIs) from the primary somatosensory cor-

tices were selected to determine PRV-, CR-, and SST-ir cell counts and cortical ROI

volumes, with blinding to experimental group. Statistical analyses were done using a

linear mixed model accounting for repeated measures. We found PRV-ir interneu-

ronal selective reduction, sparing of the CR-ir and SST-ir neurons, and bilateral corti-

cal atrophy. Our findings provide evidence for acquired PRV-selective

interneuronopathy, possibly underlying the pathogenesis of IS, neurodevelopmental

deficits, and epilepsy, and potentially contributing to the partial response to vigabatrin

analogs in thismodel.

KEY WORDS: GABA, Parvalbumin, Interneurons, Calretinin, Somatostatin, Vigaba-

trin.

Infantile spasms (IS) are age-specific seizures that occur
in a severe epileptic encephalopathy of infancy, West syn-
drome. West syndrome typically begins during the first year
of life, although later onset has been reported; it manifests
with IS, multifocally epileptic, high amplitude and

disorganized interictal background (hypsarrhythmia), and
often dismal neurodevelopmental outcomes.1 A wide spec-
trum of etiologies, including structural-metabolic, genetic,
infectious/inflammatory, and metabolic, have been associ-
ated with West syndrome, yet in a third of the cases the
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etiology still remains unknown. IS due to structural lesions
occur in ~60% of infants with IS, with a worse prognosis
than those of unknown etiology, both with respect to neu-
rodevelopmental outcomes and response to treatments.2

The available treatments include hormonal therapies such
as the adrenocorticotropic hormone (ACTH) and glucocor-
ticoid steroids, c-aminobutyric acid (GABA) aminotrans-
ferase inhibitors like vigabatrin, the ketogenic diet, and
vitamin B6.2,3 However, treatments are not always effec-
tive, adverse effects may limit their use, and even if effec-
tive on spasms, they may not prevent the persistence of
epilepsy and neurodevelopmental disorders in the long-
term. Vigabatrin, an inhibitor of GABA aminotransferase,
is one of the very few available medications, but is not
always effective and can have adverse effects.2,4 In prospec-
tive studies of the efficacy of vigabatrin in infants with IS,
vigabatrin stopped spasms in 11–54% of the infants.5–7 In
infants with tuberous sclerosis complex (TSC), vigabatrin is
more effective in stopping spasms than in IS of non-TSC
etiology.2,3,8–10

Several acute or chronic models of IS or epileptic spasms
have been developed to model various etiologies or patholo-
gies or seizure phenotype reviewed in Refs 11 and 12. We
have developed the multiple-hit rat model, a nongenetic
model of IS caused by a structural lesion that demonstrates a
chronic phenotype.13 The multiple-hit model is induced by
right intracerebral injections of doxorubicin (DOX) and
lipopolysaccharide (LPS) on postnatal day (PN)3, followed
by intraperitoneal (i.p.) injections of p-chlorophenylalanine
(PCPA) on PN5 (herein called DLP rats).13 The induced
lesion is at the right cortical and subcortical regions but may
progress to the left periventricular regions with age.11,13–15

Spasms with ictal electrodecremental responses on elec-
troencephalography (EEG) appear after the infusions of
DOX and LPS (PN4–13). DLP pups also manifest neurode-
velopmental13,15,16 and sociability deficits, as well as other

types of seizures including spontaneous motor seizures in
adulthood.17 Spasms in the multiple-hit model are not
responsive to ACTH administration and are partially
responsive to vigabatrin or its analog, CPP-115,13,15 which
was proposed to have a lower risk for retinal toxicity than
vigabatrin.18 The DLP model has been used extensively to
screen for new therapies for IS, with several additional
drugs emerging as promising candidates, including carisba-
mate,19 as well as rapamycin, an inhibitor of the mechanistic
target of rapamycin.16

The poor responsiveness of DLP spasms to ACTH and
vigabatrin is consistent with the lower responsiveness of IS
due to structural lesion to treatment.2 The underlying pathol-
ogy that could explain the partial responsiveness to vigabatrin
and its analogs has not been clarified. Inhibition of GABA
aminotransferase is expected to inhibit GABA metabolism,
thereby increasing GABA availability. We therefore specu-
lated that one of the reasons for the partial responsiveness to
vigabatrin and its analog could be an underlying deficit or dys-
function of GABAergic interneurons.

The term interneuronopathy20 now refers to disorders
associated with defective development, migration, or func-
tion of interneurons, many of which have been implicated in
early life epilepsies and neurodevelopmental disorders,
including West syndrome.21 Interneuronopathies can, how-
ever, be a feature of autism spectrum disorders, as well as
neuropsychiatric diseases like schizophrenia, in which epi-
lepsy is absent.21 Cortical GABAergic interneurons are
inhibitory cells comprising only 10–25% of cortical neu-
rons. However, their contribution to the neuronal circuitry
and network activity of the central nervous system (CNS) is
crucial.21 Parvalbumin (PRV) interneurons constitute
almost half of the GABAergic cortical interneuronal popu-
lation, followed by somatostatin (SST) interneurons and
calretinin (CR) cells.22–24 Disrupted or dysfunctional
GABAergic interneuronal migration can affect the proper
balance of excitation and inhibition in the mammalian CNS,
leading to neurodevelopmental disorders.25–32

In this study, we utilized the multiple-hit rat model of IS due
to structural lesions, to determine whether interneuronopathy
could also be a feature in a model of IS due to acquired struc-
tural etiologies. We provide proof-of-concept evidence for a
selective reduction in the number of PRVGABAergic interneu-
rons in the sensory (S1HL) cortex of PN20–24 DLP male rats,
both contralateral (left: LCCX) and ipsilateral to the induced
lesion at the right cortex (RCCX), while neocortical CR neu-
rons or SST interneurons were spared.

Methods
Animals, multiple-hit model induction

All of the experimental protocols used were approved
by the Albert Einstein College of Medicine Institutional
Animal Care and Use Committee, and all procedures
and experiments were in accordance with the guidelines

Key Points
• The multiple-hit rat model is a chronic model of infan-
tile spasms due to structural lesion

• In the multiple-hit model, parvalbumin interneurons
are selectively reduced in the somatosensory cortex of
juvenile rats

• The numbers of calretinin neurons and somatostatin
interneurons are not altered in the cortex of multiple-
hit model

• The interneuronal deficit may contribute to the patho-
genesis of epilepsy and neurodevelopmental deficits
of the multiple-hit model

• If the interneuronal deficit is confirmed also in
younger ages, it might underlie the partial responsive-
ness to vigabatrin in this model
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of the American Association for the Accreditation of
Laboratory Animal Care, National Institutes of Health
Guide for the Care and Use of Laboratory Animals and
Animal Research: Reporting of In Vivo Experiments
guidelines. Sprague-Dawley rats (Taconic Farms, Ger-
mantown, NY, U.S.A.) were housed in litters of 10 male
pups with their dam, on a 14 h light/10 h dark cycle.
Laboratory rodent diet 5,001 (Labdiet, St. Louis, MO,
U.S.A.) and water were provided ad libitum to the dam.
The rats assigned to the multiple-hit group were sub-
jected to the induction protocol described in reports of
our earlier studies to induce spasms.13–16,19,33 Briefly,
PN3 male rats were stereotactically injected with DOX
(5 lg/2.5 ll saline, right intracerebroventricularly) and
LPS (3 lg/1.5 ll saline, right intraparietal) under isoflu-
rane anesthesia (Henry Schein, Melville, NY,
U.S.A.).13,14,16,19,33 On PN5, rats received 200 mg/kg
PCPA in saline, i.p. Controls underwent the same hous-
ing conditions but were not exposed to surgery or han-
dling for monitoring. Sham-operated rats received
vehicle injections instead of LPS, DOX, or PCPA, and
were bred and handled similarly to their DLP litter-
mates. Video-monitoring was performed on a daily basis
between 10:00 and 12:00 and 14:00 and 16:00, from
PN3 to PN19 to confirm the presence of spasms in the
DLP group and their absence in the sham rats, as
described previously.13–16,33 Chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, U.S.A.).

Immunohistochemistry
Between PN20 and 24, rats were transcardially perfused

in ice-cold phosphate-buffered saline (PBS), after euthana-
sia doses of pentobarbital, followed by 10% buffered forma-
lin (Sigma-Aldrich). Cryoprotection, storage,
cryosectioning in a microtome (Microm 505 E Cryostat,
Belair Instrument company, Inc., Springfield, NJ, U.S.A.),
and immunochemical staining of free-floating sections were
done as described in established protocols34 with the fol-
lowing modifications. For the anti-PRV and anti-CR
immunohistochemical assays, free-floating sections were
incubated initially in 1% H2O2 in PBS (pH = 7.4) for
30 minutes and either 10% normal horse (NHS; for mouse
anti-PRV) or goat (NGS; for anti-CR) serum, respectively,
diluted in PBS with 0.1% (ml/100 ml) Triton X-100 and
0.1% (g/100 ml) bovine serum albumin (BSA, Sigma-
Aldrich) for 1 hour. Subsequently, incubation with either
mouse anti-PRV (1:3,000; Sigma-Aldrich), or rabbit anti-
CR (1:3,000; Sigma-Aldrich) antibodies, diluted in PBS
with 0.1% Triton, 0.1% BSA, and 1.5% NHS (for anti-
PRV) or 3% NGS (for anti-CR) for 2 days at 4°C on a sha-
ker was done. Incubation in biotinylated secondary antisera
(horse anti-mouse [for anti-PRV] or goat anti-rabbit [for
anti-CR] immunoglobulin [IgG; 1:200, Vector Laborato-
ries]) at room temperature was done for 90 min. Rinses with
PBS were done between steps. Subsequent steps and

substrate reaction were done according to manufacturer’s
protocol, using the Ultra-Sensitive ABC Peroxidase Stan-
dard Staining Kit (ThermoFisher Scientific, Waltham, MA,
U.S.A.) and Vector NovaRED Peroxidase (HRP) Substrate
Kit (Vector Laboratories, Burlingame, CA, U.S.A.). Sec-
tions were mounted on slides, dehydrated, and cover-
slipped. For the anti-SST immunohistochemistry, the
process was similar, except that Tris-buffered saline (19
TBS; Tris HCl 7.88 g/L, NaCl 8.76 g/L) was used instead
of PBS, and sections were incubated with the primary rabbit
anti-SST-14 polyclonal antibody (1:5,000; Peninsula
Laboratories International, Inc, San Carlos CA; Catalogue
No. T-4103) diluted in 2% NGS and 0.3% Triton in TBS for
72 hours at 4°C on a shaker.35 The numbers of rats included
in our study are shown in the Figures 1, 2, and 3.

Cell counting
We selected one coronal section per rat brain for count-

ing PRV-, CR-, or SST-immunoreactive (-ir) neurons,
which corresponded to Atlas Figures 21–23.36 When the
RCCX of DLP rats (one in the PRV group, 2 in the CR
group) were severely injured and precluded staining and
cell counting, the numbers of rats (and therefore sections)
for RCCX and LCCX were different, as presented in the
figure tables. Stained sections were imaged in a Nikon
ECLIPSE E1000M microscope, captured at 409 magnifi-
cation, and photographs were imported into the IMAGE J
software (Wayne Rasband, NIH special volunteer), and
were merged using the Adobe Photoshop application (ver-
sion 8.0; Adobe) to reconstruct the whole thickness of the
cortex. The total cell counts per region of interest (ROI),
cell densities of (cells/mm3), and cortical ROI volumes
(mm3) were determined at specific ROIs that included all
cortical layers from the left and right primary somatosen-
sory cortex hindlimb region (S1HL), from the cortical sur-
face until the corpus callosum. The ROIs had similar width
(0.7 mm) and section thickness (40 lm). Volumes of cor-
tical ROIs were calculated by the formula: volume = cor-
tical thickness 9 width of ROI 9 section thickness. To
determine the numbers of PRV-ir neurons across the corti-
cal layers of the selected ROI, we defined the borders of
layer V, outlining the region in the middle of the section
where large size pyramidal neurons were located. Layers I-
IV encompassed the superficial regions, whereas layer VI
the more deeper ROI regions, in reference to layer V. Mor-
phology of PRV-ir interneurons was scored by inspection
of the PRV-stained sections for presence of PRV-ir cells
with small somata (logged as Yes/No) or for short or no
processes stemming out of PRV-ir cells (logged as Yes/
No). The descriptors small somata and short processes
were given relative to the morphology of cortical PRV-ir
neurons from the same ROI of a PN24 male control brain.
Counting of the cells and cellular morphology assessment
was done by an investigator (AMK) blinded to experimen-
tal group.

Epilepsia Open, 3(s2):155–164, 2018
doi: 10.1002/epi4.12280

157

Interneuronopathy in Infantile Spasms



Figure 1.

Cortical (S1HL) PRV-ir interneurons are preferentially reduced in layer VI of PN20–24 DLP male rats.A, Examples of PRV-ir interneurons

in layer V of S1HL cortex of PN20–24 control (CON), DLP, and SHAM male rats. PRV-ir GABAergic interneuronal densities are reduced

in the cortex of PN20–24 DLP male rats compared to the other groups. B, The yellow boxes indicate the ROIs from which PRV-ir

interneurons were counted and include all cortical layers (0.7 mm width, 40 lm thick). Cortical thickness is reduced in DLP rats com-

pared to CON. C, PRV-ir GABAergic interneuronal densities are reduced in the LCCX of PN20–24 DLP male rats, compared to CON

and SHAM (*: p < 0.05). PRV-ir interneuronal densities are also decreased in the LCCX compared with the RCCX of PN20–24 DLP male

rats (§: p < 0.05). D, DLP male pups have reduced cortical volumes bilaterally, but more prominently at the RCCX. E, Tables with the

means and standard deviations (SDs) of the PRV-ir cell densities, total cell counts, volumes of the cortical ROIs, as well as distribution of

PRV-ir neurons across the layers I–IV, V, and VI, presented as % of total PRV-ir cell counts. There is significant reduction in PRV-ir cell

densities at the LCCX, bilateral reduction in total PRV-ir cells/ROI, and bilateral, but right more than left, reduction in cortical volume of

the selected ROIs in DLP rats compared to both CON and SHAM. PRV-ir cells were preferentially reduced from the layer VI of the S1HL

bilaterally in the DLP rats compared to CON and SHAM, but were preserved at the layers I–V. Graphs in panels C-D show outlier box

plots with interquartile differences. Significances are indicated with bold italic fonts. (*): p < 0.05 versus CON and SHAM. (¶): p < 0.05

versus CON only. (§): p < 0.05 versus RCCX of DLP rats. (†): p < 0.05 versus RCCX CON. CON: control; GABA: c-aminobutyric acid;

LCCX, left cerebral cortex; PN, postnatal; PRV-ir, parvalbumin-immunoreactive; RCCX, right cerebral cortex; ROI, region of interest;

S1HL, somatosensory cortex hindlimb region.
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Statistics
A linear mixed model considering repeated measures

was used for statistics of the interneuron counts, whereas
post hoc comparisons were done with a t-test (JMP
10.0.0 version was used (SAS Institute Inc, Cary, NC,
U.S.A.). Nonparametric analyses were done with chi-
square tests. All studies were done in a blinded fashion.
Differences were considered statistically significant at
p < 0.05.

Results
PRV-ir interneurons are selectively reduced at the
S1HL cortex of PN20–24 male DLP rats

PN20–24 DLP male rats had significantly fewer PRV-
ir interneuronal densities at the S1HL cortex compared

to controls and sham-treated rats at the LCCX
(p < 0.05), whereas no differences were seen in the
RCCX of DLP male rats compared to the rest of the
groups (Fig. 1). The values of the PRV-ir cell densities
and numbers of rats per group are included in the
table of Figure 1E. Comparisons were done with lin-
ear mixed model considering repeated measures
[F(1,24.12)region = 6.6, p = 0.017); F(2,25)group = 2.7,
p = 0.086); F(2,24.13)group*region = 13.4, p = 0.0001].

To determine whether the lack of differences in the PRV-
ir cell densities at ipsilateral to the lesion cortex (RCCX)
could be due to a wider nonspecific cell loss secondary to
the induced lesion, we compared the cortical thickness at
the ROIs where cell counts were done (Fig. 1B). A signifi-
cant bilateral cortical volume reduction was seen in DLP
pups compared to each of the other groups (sham and

Figure 2.

Cortical CR-ir neuronal numbers in the S1HL ROIs are not altered in PN20–24 male DLP pups. A, There are no differences in the cell

densities of CR-ir neurons in the LCCX or RCCX of PN20–24 DLP male rats compared to CON or SHAM. Numbers of rats (n) are

shown in the bars. B,Outlier box plots of cortical CR-ir densities (cells/mm3) in the LCCX and RCCX of each group. C, Representative

4009 magnified photograph of cortical CR-ir stained neurons in a PN20 male rat (stained with red-brown; black arrows). The bar scale

indicates 100 lm.D, Tables with the means and standard deviations (SDs) of the CR-ir cell densities, total cell counts, and volumes of the

cortical ROIs. There is no difference in the cell densities or total cell counts of the CR-ir cells in the cortical ROIs. There is significant

reduction in cortical volumes of the selected ROIs in DLP rats compared to both CON and SHAM. Significances are indicated with bold

italic fonts. (*): p < 0.05 versus CON or SHAM groups. CON: control; CR-ir: calretinin-immunoreactive; LCCX, left cerebral cortex;

RCCX, right cerebral cortex; ROI, region of interest.
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control). Furthermore, RCCX volumes were lower in the
DLP rats compared to their LCCX volumes [F
(2,25.2)group = 18.4, p < 0.0001; F(1,24.5)region = 5.9,
p = 0.02; F(2,24.5)group*region = 13.7, p < 0.0001]. Simi-
larly, the total PRV-ir cell counts in the cortical ROIs were
significantly lower in DLP rats than in sham or controls [F
(2,25)group = 9.2, p = 0.001]. Significant reductions in
PRV-ir interneuronal counts were found in both RCCX
(62.8 � 14.7 cells/ROI) and LCCX (51.7 � 14.7 cells/
ROI) of DLP rats compared to the other groups (LCCX:
controls 137.3 � 63.1, sham 144.5 � 75.9 cells/ROI;
RCCX: controls 133.8 � 47.2, sham 141.2 � 64.7 cells/
ROI). The more prominent reduction of PRV-ir cell densi-
ties at the LCCX versus the RCCX of DLP pups may there-
fore reflect the greater cortical atrophy that this group of
DLP rats had at the RCCX versus the LCCX.

To determine whether the PRV-ir cell loss was diffuse or
layer specific, we studied the distribution of PRV-ir cells
across the layer V, outer layers (I–IV), and an inner layer
(VI) of cortical S1HL ROIs (Fig. 1E). Fewer PRV-ir cells
were present at layer VI of DLP rats bilaterally (F
(2,26.01)group = 3.96, p = 0.0315). No significant group
differences were seen for the other layers [layer I-IV: F
(2,25.28)group = 1.08, p = 0.36); layer V: F
(2,25.75)group = 2.02, p = 0.15)].

Morphologically, most PRV-ir neurons in DLP rats had
small somata (RCCX/LCCX: 89%/80% of sections),
whereas lower percentages of small size PRV-ir neurons
were observed in controls (RCCX/LCCX: 50%/42% of sec-
tions) or shams (RCCX/LCCX: 33.3%/33.3% of sections),
although this did not reach significance (chi-square Pearson:
RCCX = 5.37, p = 0.07; LCCX = 4.48, p = 0.1). PRV-ir

Figure 3.

Cortical SST-ir neuronal numbers in the S1HL ROIs are not altered in PN20–24 male DLP pups.A, There were no differences in the cell

densities of SST-ir neurons in the LCCX or RCCX of PN20–24 DLP male rats compared to controls or shams. Numbers of rats (n) are

shown in the bars. B, Outlier box plots of cortical SST-ir densities (cells/mm3) in the LCCX and RCCX of each group.C, Representative

4009 magnified photograph of SST-ir stained neurons (stained with red-brown; red arrows) in the cortical ROI of a PN23 male rat. The

bar scale indicates 100 lm. (D) Tables with the means and standard deviations (SD) of the SST-ir cell densities, total cell counts, and ROI

volumes in the cortical ROIs. There is no difference in the cell densities or total cell counts of the SST-ir cells in the cortical ROIs. There is

significant reduction in cortical volumes of the selected ROIs in DLP rats compared to both CON and SHAM. Significances are indicated

with bold italic fonts. (*): p < 0.05 versus CON or SHAM groups. CON, control; LCCX, left cerebral cortex; RCCX, right cerebral cor-

tex; ROI, region of interest; SST-ir, somatostatin-immunoreactive.
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neurons with short or no processes were seen in 78–80%
(RCCX and LCCX) of sections from DLP rats, compared
with 42–50% of control sections (LCCX and RCCX respec-
tively) and 33.3% of sections from shams (not statistically
significant).

To further confirm whether the PRV-ir cell loss is cell-
type specific, we studied the cell densities of the CR-ir and
SST-ir interneurons.

Cortical CR-ir and SST-ir cell densities at S1HL are not
affected in PN20–24 male DLP pups

No statistical differences were observed in the cell
densities of CR-ir neuronal populations at the cortical
ROIs (S1HL) of PN20–24 male DLP rats compared to
controls and the shams (F(2,27.79)group = 1.24, p = 0.3;
F(2,29.03)group*region = 0.46, p = 0.64) (Fig. 2). Cortical
volumes of ROIs used in CR-ir cell counts showed
reduced cortical volumes in the DLP group compared to
controls or shams (F(2,27.66)group = 21.4, p < 0.0001;
F(2,28.01)region = 9.94, P = 0.0038; F(2,28.03)group*region =
5.86, p = 0.0075). Despite the cortical volume differ-
ences, the total CR-ir cell counts in the cortical ROIs
were not significantly different in DLP versus control or
sham rats [F(2, 27.59)group = 0.84, p = 0.44].

There were also no significant differences in SST-ir
interneuronal densities in the S1HL region of PN23 male DLP
rats compared to the other groups (F(2,14.46)group = 2.32,
p = 0.13; F(2,16.57)group*region = 16.57, p = 0.37). Cortical
volumes were reduced bilaterally in the DLP rats compared to
controls or shams (F(2,14.9)group = 19.61, p < 0.0001; F
(2,16.91)region = 0.97, p = 0.3374 (Fig. 3). Despite the corti-
cal volume differences, the total SST-ir cell counts in the cor-
tical ROIs were not significantly different in DLP versus
control or sham rats [F(2, 14.63)group = 1.64, p = 0.23].

In summary, our results show a selective reduction in
PRV-ir cell population bilaterally in the primary somatosen-
sory cortex of PN20–24 DLP male pups, with relative spar-
ing of CR-ir and SST-ir cells, despite the bilateral cortical
atrophy seen at this age.

Discussion
We report that in the multiple-hit rat model of IS due

to chemically induced structural lesion there is a cell-type
selective reduction in the number of PRV-ir interneurons
at the primary somatosensory cortex (S1HL) bilaterally.
This deficit was due mainly to reduction in PRV-ir
interneurons from the deeper layers (VI) of the cortex.
The PRV interneuronal deficit reported here was docu-
mented after spasms (PN4–13), other types of early life
seizures (PN9 and on), learning deficits (PN16–19), and
sociability deficits (PN12–20) manifested13,15,16 and could
therefore contribute to these cognitive deficits and chronic
epileptic phenotype, as proposed in other models.21 The
densities and total numbers of CR-ir and SST-ir neurons

were not different across PN20–24 DLP, control, or sham
groups, supporting that the observed interneuronopathy is
PRV-specific. In our study, quantitative measures of corti-
cal ROI volumes also demonstrated bilateral cortical atro-
phy in PN20–24 male DLP rats. We have previously
published the evolution of injury in the DLP model, dur-
ing the first 3 weeks of life, which is initially mostly right
hemispheric but may progress with age to extend to
periventricular left hemispheric regions (left hippocampus
and/or cortex).13–15

It is yet unclear whether the PRV-ir cell deficit precedes
or follows the expression of spasms in the DLP model.
PRV-ir interneurons are first seen in the rat primary
somatosensory cortex around PN8–9 and reach the adult
expression patterns around PN21.37 The reduced PRV-ir cell
counts could represent migration deficit or cell loss or alter-
natively reduction in PRV-ir expression. Currently, how-
ever, there is no specific marker to identify cells destined to
selectively develop into PRV-ir interneurons, prior to the
time when PRV-ir is evident, to help resolve this question.
In our study, the PRV-ir deficit was more pronounced in the
deeper layers of the cortex (layer VI), suggesting that either
the migration, targeting and residence in specific cortical
layers, or survival of these interneurons may be preferen-
tially disrupted in this model. Comparison of the interneu-
ronal morphology suggested that DLP rats have smaller
cortical PRV interneurons with shorter or no processes com-
pared to controls or shams. Although our findings did not
reach statistical significance, these trends may warrant more
systematic quantitative morphometric analyses of the
somata and arborization of interneurons, to confirm whether
there is also disrupted connectivity and integration of the
remaining PRV interneurons in the local circuits.

Layer VI interneurons mainly regulate neighboring neu-
rons, but more distal connections with other cortical layers
(e.g., IV) have also been reported.38 PRV-ir interneurons
specifically were reported as inhibiting local layer VI neu-
rons39 and are therefore involved in the regulation of corti-
cothalamic circuits.38 Dysregulation of these corticothalamic
circuits may contribute to altered brain excitability and dis-
ruption of normal sleep regulation or of somatosensory and
multisensory information integration processes.40 It would
therefore be of interest to determine in future studies whether
early treatments that may improve the cognitive and neurode-
velopmental deficits and epilepsy16might prevent the cortical
PRV interneuronal loss in PN20–24DLP rats.

Interneuronopathies are implicated in the pathogenesis of
numerous neurologic conditions and epilepsies, in which
deficits in the migration, differentiation, survival, or func-
tion of interneurons have been discussed as pathogenic or
contributory factors (reviewed in Ref 21). Loss of interneu-
rons has been described in acquired models of temporal lobe
epilepsy,41,42 in human patients or animal models of IS due
to ARX (aristaless homeobox X-linked) mutation.20,43–46

However, interneuronopathy deficits have not yet been
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described in animal models of IS due to nongenetic
etiologies.

ARX mutations impair GABAergic interneuronal migra-
tion.20 The knockin mouse model Arx (GCG) 10+7 has
decreased cortical calbindin (CB)-ir interneurons, but no
PRV-ir neuronal loss, and demonstrates spontaneous sei-
zures and spasms and cognitive and behavioral deficits.44,47

Similar CB-selective interneuronal deficits, with sparing of
the CR-ir and SST-ir neurons, have been reported in 2 other
models of polyalanine (PA1 or PA2) expansion.46 In the
conditional knockout (cKO) Arx mouse model, deficits in
all interneuronal subtypes and a shift to more ventral loca-
tions were reported; these deficits followed a cell type-, sex-
, and region-specific manner.45 On PN14, PRV-ir neurons
were increased in the cortex and reduced in the hippocam-
pus in male Arx cKO, whereas in adults, nonsignificant
trends for reduction of PRV-ir interneurons for both regions
were reported.45 None of these Arx models have been
screened for the efficacy of vigabatrin on spasms. These
deficits are distinct from those in the multiple-hit, but also
vary among the existing Arx models, suggesting that etiol-
ogy and possibly phenotype may underlie these differences.
It is unclear, yet possible, that this variability may contribute
to the final phenotype and might determine the efficacy of
treatments. For example, 17b-estradiol given daily between
PN3 and 10, but not at later developmental periods, to
Arx (GCG) 10+7 mice prevents spasms and epilepsy expres-
sion and restores interneuronal deficits.47 However, in the
DLP model, a similar treatment with 17b-estradiol (PN3–
10) had no effect on spasms, suggesting different etiopatho-
genic mechanisms.33

The interneuronal deficits in humans and animal models
of IS may provide a reason for vigabatrin as a possible
rational treatment, aimed at enhancing the already deficient
GABA availability, but may also provide a basis for the rel-
ative refractoriness to the drug, the action of which depends
on the presence of sufficient numbers of GABA-producing
cells at locations that would be important for the control of
spasms. Vigabatrin and its analogs, for example, CPP–115,
limit GABA metabolism by inhibiting GABA aminotrans-
ferase, a mitochondrial enzyme that degrades GABA to suc-
cinic semialdehyde. In the rat somatosensory cortex, GABA
aminotransferase is expressed at low levels in the first
2 weeks of life and increases around PN16–18 and
onward.48 GABA aminotransferase is expressed in both
neuronal and glial cells; however, it has a predilection for
GABAergic interneurons, including PRV-ir.48,49 These
studies, along with the developmental patterns of migration
and differentiation of GABAergic interneurons in the neo-
cortex, suggest that responsiveness to GABA aminotrans-
ferase inhibitors could be lower in very young rats and
increases around the third week of life. It is yet unclear how
the developmental trajectory of GABA aminotransferase
expression in rodents may compare to humans, to extrapo-
late these findings to the clinical use of vigabatrin and its

analogs. Our studies further add that in the DLP model,
there is a selective deficit of cortical PRV-ir interneurons,
out of proportion to the induced injury, which may further
compromise the efficacy of these drugs by removing
GABA-producing cells.13,15 Specifically, vigabatrin had
only a transient and partial effect on spasms,13 whereas the
vigabatrin analog CPP-155, given between PN4 and 12 and
after the onset of spasms, reduced spasms between PN5 and
7, but had a more rapid (evident within 2 hours), although
still partial, effect when given on PN7.15 Although our cur-
rent study was targeted on PN20–24 rats, when the interneu-
ronal populations in the neocortex have reached adult
levels, further studies tracking the trajectory of these model-
specific deficits at earlier ages would be interesting, when
selective markers become available.

It is yet unclear whether the interneuronal deficit is
caused by the induction method or is a consequence of the
epileptic phenotype. The intracerebroventricular adminis-
tration of DOX, a DNA-intercalating drug that may halt cell
replication, could potentially interfere with both the ongo-
ing interneuronal progenitors’ replication and migration at
the induction age (PN3) and contribute to the observed
interneuronal deficit. The delayed appearance of PRV-ir
cells in the neocortex compared to CR-ir neurons (present
on PN0, increase between PN5 and 10 and decline to adult
levels by PN15)50,51 or SST-ir interneurons (present at PN0
and drastically increase between PN3 and 21)52 may poten-
tially render PRV interneuronal progenitors more vulnera-
ble to the induction protocol. Systemic DOX administration
in PN17 mice also causes brain volume reductions, as
assessed by magnetic resonance imaging (MRI) studies,
attributed to proinflammatory effects.53 Histopathologic
findings in DLP rodent brains have shown that DOX, a cyto-
toxic chemotherapy drug, and LPS, a Toll-like receptor 4
agonist, can cause prominent inflammation in the peri-infu-
sional cortical area.16 Whether these inflammatory changes
contribute to the bilateral reduction in PRV interneurons
and cortical atrophy, for example, via leakage of cytokines
in the cerebroventricular space, remains to be investigated.
Maternal neonatal separation has also been reported to
reduce the numbers of PRV-ir interneurons in the hip-
pocampus54 or prefrontal cortex in a sex-specific manner
(reduced in PN25–27 female rats but not in male rats).55

However, it is unlikely that maternal separation contributed
to our findings, since PRV-ir cortical interneuronal densities
were not reduced in the SHAM rats.

In summary, we showed that in the multiple-hit rat model
of IS due to structural lesions there is an acquired PRV-pre-
ferential interneuronopathy, different from the interneu-
ronal deficits described in genetic models, like the Arx. The
distinct PRV-ir interneuronal deficit may underlie the par-
tial responsiveness to vigabatrin analogs in our model and
the different model responses to 17b-estradiol mediated dis-
ease modification and restoration of the Arx-related
interneuronopathy. Our findings emphasize the diversity of
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pathologies in various models of IS and the need to develop
tools to identify them in vivo so that vulnerable populations
are more likely to benefit from individualized pathology-
specific targeted treatment approaches.
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