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Contributed by Michael P. Stryker, November 14, 2014 (sent for review September 13, 2014; reviewed by Oscar Marin and Joshua T. Trachtenberg)

GABAergic inhibition has been shown to play an important role
in the opening of critical periods of brain plasticity. We recently
have shown that transplantation of GABAergic precursors from
the embryonic medial ganglionic eminence (MGE), the source of
neocortical parvalbumin- (PV+) and somatostatin-expressing (SST+)
interneurons, can induce a new period of ocular dominance plas-
ticity (ODP) after the endogenous period has closed. Among the
diverse subtypes of GABAergic interneurons PV+ cells have been
thought to play the crucial role in ODP. Here we have used MGE
transplantation carrying a conditional allele of diphtheria toxin
alpha subunit and cell-specific expression of Cre recombinase to
deplete PV+ or SST+ interneurons selectively and to investigate
the contributions of each of these types of interneurons to ODP.
As expected, robust plasticity was observed in transplants contain-
ing PV+ cells but in which the majority of SST+ interneurons were
depleted. Surprisingly, transplants in which the majority of PV+

cells were depleted induced plasticity as effectively as those con-
taining PV+ cells. In contrast, depleting both cell types blocked
induction of plasticity. These findings reveal that PV+ cells do
not play an exclusive role in ODP; SST+ interneurons also can drive
cortical plasticity and contribute to the reshaping of neural net-
works. The ability of both PV+ and SST+ interneurons to induce
de novo cortical plasticity could help develop new therapeutic
approaches for brain repair.

medial ganglionic eminence | parvalbumin interneuron |
somatostatin interneuron | critical period | ocular dominance plasticity

Critical periods of activity-dependent plasticity shape the early
development of many cortical areas. GABAergic inhibition

has been shown to play an important role in the opening of a
critical period in the developing visual cortex during which
monocular visual deprivation (MD) rapidly alters the balance of
responses to the two eyes (1–3). This ocular dominance plasticity
(ODP) takes place with a well-defined beginning and end. The
majority of GABAergic interneurons in the neocortex are de-
rived from the medial ganglionic eminence (MGE) (4–8). Trans-
plantation of embryonic inhibitory neuronal precursors from the
MGE into the visual cortex of postnatal animals can induce
a second window of plasticity (9). The transplanted interneurons,
consisting primarily of parvalbumin-expressing (PV+) and so-
matostatin-expressing (SST+) cells, disperse, mature, and in-
tegrate into local visual cortical circuit (10–12). Evidence to date
links only the PV+ interneurons to ODP (13–15). SST+ inter-
neurons have scarcely been studied in the context of ODP de-
spite their abundance in the visual cortex and their powerful
influence on the apical dendrites of pyramidal cells (16, 17).
Here we take advantage of MGE transplantation to dissect the
contributions of different types of cortical interneuron cells to
plasticity. We genetically ablated PV+ or SST+ cells in the
transplants and tested whether the transplanted cells induced
a second critical period in the recipients. Removing either PV+

or SST+ cells did not hinder the ability of MGE transplants to
induce ODP, but removing both eliminated the plasticity. These
results demonstrate that PV+ cells do not play an exclusive role

in ODP; SST+ cells also can drive plasticity and reshape neural
circuits when the majority of PV+ cells are eliminated. Fur-
thermore, the ODP induced by MGE transplants resembled the
plasticity in the normal critical period and differed from the
plasticity observed in older animals in its magnitude, its sensitivity
to brief MD, and in the weakening of response to the deprived
eye. These findings reveal specific cortical GABAergic-inhibitory
cell types that mediate plasticity.

Results
We devised a genetic strategy to deplete PV+ or SST+ inter-
neurons selectively in MGE transplants through the use of mice
expressing Cre recombinase under the control of the endogenous
PV and SST promoters (PV-cre and SST-cre, respectively) (18,
19). When we examined the MGE at embryonic day (E) 14, no
expression of a fluorescent reporter was detected in PV-cre or
SST-cre mice, precluding the use of fluorescence cell sorting to
transplant pure populations of PV+ or SST+ cells. Therefore, we
elected to eliminate PV+ populations, SST+ populations, or both
after transplantation and then study the effects of their absence
on transplant-induced plasticity. Diphtheria toxin alpha subunit
(DTA) is a potent intracellular toxin that induces programmed
cell death within 48 h of expression by blocking protein synthesis
(20). We crossed PV-cre and SST-cre mice to transgenic mice
harboring a Cre-inducible DTA allele (R26-DTA) to achieve
targeted depletion of PV+ and SST+ cells, respectively. The R26-
DTA mice also express GFP ubiquitously, permitting the visual-
ization of transplanted cells (21). We found PV-cre;R26-DTA
(PV-depleted) and SST-cre;R26-DTA (SST-depleted) mice to be
largely perinatal lethal, but E13.5 embryos from both crosses were of
normal size and gross appearance. We next transplanted MGE cells
from PV-depleted, SST-depleted, and PV-cre;SST-cre,R26-DTA
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(PV-SST–depleted) embryos into cortical regions near the bin-
ocular visual cortex of postnatal day (P) 7 C57B6/J recipients
(Fig. S1). The surviving donor GFP+ cells in these three trans-
plants migrated and integrated into visual cortex similarly to
control R26-DTA MGE donor cells without any Cre allele
(Fig. 1). Immunohistochemistry for PV and SST revealed that by
40 d after transplantation (DAT) the great majority of PV+ cells
have been eliminated from PV-depleted transplants and SST+

cells had been eliminated from SST-depleted transplants,
whereas the simultaneous expression of both Cre alleles depleted
both PV+ and SST+ populations (Fig. 1). Examination of PV-
depleted and SST-depleted transplants at earlier ages revealed
that the Cre-expressing population was decreased significantly
by 21 DAT for PV+ cells (the earliest age at which PV is
detectable by immunohistochemistry) and by 14 DAT for SST+

cells (Fig. S2). Because PV+ and SST+ cells account for the
majority of MGE-derived interneurons, depletion of one pop-
ulation leaves the other as the most numerous cell type in the
transplant. Indeed, the number of surviving GFP cells was similar
in PV-depleted and SST-depleted transplant recipients, as is
consistent with the nearly 1:1 ratio of PV+ to SST+ cells in R26-
DTA MGE transplants (9). Moreover, the densities (per square
millimeter) of SST+ cells in PV-depleted and of PV+ cells in SST-
depleted transplant recipients were similar to those in control
R26-DTA transplant recipients, indicating that DTA-mediated cell
death does not affect the survival of the non–Cre-expressing
population (Fig. 2). In PV-SST–depleted transplants, where the
densities of both PV+ and SST+ cells were very low, the re-
maining cells expressed interneuron markers such as calretinin,
calbindin, and reelin, indicating that they differentiated normally
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Fig. 1. Cre-induced expression of DTA ablates PV+ and SST+ cells along with their layer-specific projections. (A) Diagram showing PV-cre, SST-cre, R26-DTA,
and Ai14 alleles. Blue triangles denote loxP sites. All Cre mice carry Ai14 to label the few cre-expressing cells in which R26-DTA failed to recombine (38). (B)
Cells in all transplants disperse widely in the binocular visual cortex (marked by dotted yellow lines). (C) Colabeling of transplanted cells expressing GFP
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despite the death of the majority of transplanted cells (Fig. S3).
These findings show that selectively ablating PV+ or SST+ cells
by DTA efficiently eliminated the target population without af-
fecting the survival or migration of the remaining cells.
After characterizing the PV- and SST-depleted MGE trans-

plants, we examined whether these transplants could induce
a second critical period of plasticity. Using intrinsic signal optical
imaging, we tested recipients of PV-depleted, SST-depleted, PV-
SST–depleted, control R26-DTA, or freeze-thaw–killed MGE
cells for plasticity at 33–35 DAT, when the transplanted cells
were at an equivalent age of P26–P28 and displayed the greatest
ability to induce plasticity (9). As expected, R26-DTA MGE
transplants induced robust plasticity, whereas dead MGE trans-
plants did not. Surprisingly, PV-depleted and SST-depleted
transplants each induced rapid and robust plasticity. On the
other hand, recipients of PV-SST–depleted transplants, in which

both PV+ and SST+ cells had been killed, did not show plasticity
(Fig. 3A and Table S1). Comparing the plasticity induced by PV-
depleted, SST-depleted, and control R26-DTA transplants, we
found that all three types of transplants induced plasticity of
similar magnitude (Fig. 3B). Because the efficiency of combined
Cre and DTA expression is not 100%, a few PV+ or SST+ cells
were present in the selectively depleted transplants. PV+ cells,
especially, are known to develop extensive axonal arbors with
hundreds of postsynaptic targets, suggesting that a small pop-
ulation of PV+ cells might be sufficient to induce changes in
circuitry. If plasticity depended on PV+ cells alone, the required
density would have to be greater than approximately eight cells/
mm2 (Fig. 3C, Center), the maximum density of PV+ cells in
transplants that did not induce plasticity. The PV+ cell density in
PV-depleted transplants was always less. That is, the density of
surviving PV+ cells in the PV-SST–depleted transplants that did
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not induce plasticity was similar to or greater than that in PV-
depleted transplants that did induce plasticity. This finding makes
it implausible that the surviving PV+ cells were responsible for the
plasticity (Fig. 2, Center), although they may have participated in
the plasticity induced in the presence of normal numbers of
transplant-derived SST+ cells. Furthermore, pooling cell density
from all transplant types revealed no correlation between the
magnitude of plasticity induced by MGE transplantation and the
average densities or rostral–caudal distribution of total surviving
transplanted cells, of transplanted PV+ cells, or of transplanted
SST+ cells (Fig. 3C, x axis expanded logarithmically to display low
cell densities, and Fig. S4). These results show that MGE
transplants with normal numbers of transplanted SST+ cells are
sufficient to induce plasticity when more than 95% of the PV+

cells are depleted.
The maturation of GABAergic interneurons, specifically of

the PV+ subtype that derives predominantly from the MGE, has
been strongly implicated in critical period plasticity. Therefore it
was surprising that transplanted MGE interneuron precursors
depleted of PV+ cells were still competent for plasticity. One
possible explanation would be that the plasticity induced by
MGE transplants is not critical period plasticity but merely is an
enhancement of adult ODP. To test this hypothesis, we examined
several features of plasticity that differentiate critical period
plasticity from adult plasticity (22). First, the onset of plasticity
after only 4–5 d of deprivation is consistent with critical period
plasticity, in contrast to adult plasticity, which takes 7–8 d of
deprivation to produce significant shifts in the ocular dominance
index (ODI). Second, transplant-induced plasticity was driven
primarily by the loss of contralateral responsiveness, which is a key
feature of critical period plasticity that is not observed in the adult
form of ODP (Fig. 4A). Finally, the degree of loss of contralateral
response was similar following PV-depleted, SST-depleted, and
control R26-DTA transplants; it also was not influenced by the
number of PV+ or SST+ cells in the transplant (Fig. 4B, x axis
expanded logarithmically). The plasticity induced by MGE trans-
plants shares the rapid depression of contralateral response
characteristic of critical period plasticity, and normal numbers of
PV+ interneurons are not required for this phenomenon.

Discussion
In this study we used Cre-DTA to deplete PV+ or SST+ inter-
neurons from MGE transplants. When MGE-derived in-
terneuron precursors were genetically programmed to undergo
apoptosis upon expression of Cre recombinase from the PV or
SST locus, almost all the corresponding Cre-expressing interneurons

were eliminated from the transplant before the window of induction
for plasticity opened (Figs. 1 and 2). Despite the depletion of PV+ or
SST+ cells, these transplants retained their ability to induce ODP,
which was indistinguishable from control transplants. However,
when both PV+ and SST+ populations were eliminated simulta-
neously, the remaining cells failed to induce plasticity (Fig. 3), sug-
gesting that either PV+ or SST+ cells need to be present in normal
numbers in the transplant for plasticity to occur. However, although
both PV+ and SST+ cells are competent to induce critical period-like
ODP, other interneurons derived from the MGE appear not to be.
Studies over the last decade have suggested that PV+ cells play

an exclusive role in initiating critical period ODP. GABAA
receptors containing the α1 subunit, which is enriched at PV+

synapses, have been shown to play a particularly potent role in
the opening of the critical period of ODP (2). In other studies,
manipulating factors that affect the maturation of PV+ cells also
affected the opening of the critical period of ODP, including
polysialylated neural cell adhesion molecule (PSA-NCAM), the
homeoprotein transcription factor orthodenticle homolog 2
(Otx2), and insulin-like growth factor 1 (IGF1) (13, 23, 24). PV+

cells’ electrophysiological activity also has been implicated in
plasticity; depressing the activity of PV+ cells a few days after the
critical period increased plasticity in primary visual cortex (14).
Consistent with these findings, our data support the capacity of
PV+ cells to drive plasticity. However, our results are in-
consistent with an exclusive role for PV+ cells in this process.
Our finding that transplants depleted of PV+ cells also could

induce robust plasticity but those depleted of both PV+ and
SST+ cells could not suggests that SST+ cells also can drive
plasticity, a possibility that largely has been ignored. Although
our findings concern plasticity after the critical period, they raise
the possibility that SST+ cells also may be important during the
critical period. Indeed, it is unknown whether in previous studies
in which PV+ cells were manipulated to modify ODP, SST+ cells
also were affected.
Signals that are part of the immune response can affect plas-

ticity in the visual pathway (25, 26), including ODP (27, 28).
Although cell death in our depletion experiments might stimu-
late an immune response, our PV-SST–depleted transplants,
which presumably had an immune response similar to or greater
than that of PV-depleted or SST-depleted transplants, did not
induce plasticity. Thus, the plasticity induced by PV-depleted
and SST-depleted transplants was unlikely to result from the
killing of transplanted cells or from a nonspecific immune re-
sponse from the host. Instead, plasticity appears to be a direct
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result of neural circuit modification induced by the transplanted
PV+ and SST+ cells that integrate into primary visual cortex.
What mechanism of plasticity might be shared between PV+

and SST+ cells? Studies of connectivity show that transplanted
MGE cells make and receive profuse connections, about three
times as many as host inhibitory neurons at the peak of the
transplant-induced critical period (9). The intercalation of
such new connections into a cortical circuit that otherwise
would be stable to perturbations of visual input may be suffi-
cient to push it out of its zone of stability. Any inhibitory
neurons that made sufficiently profuse connections then might
suffice to induce plasticity. Alternatively, PV+ and SST+ cells,
but not the other cells of the MGE transplants, might contain
factors that alter the extracellular matrix or influence peri-
neuronal nets. Our delineation of the responsible cells is
an important step toward understanding the mechanism of
transplant-induced plasticity, even though the actual mecha-
nism still is not clear.
Generation of PV+ and SST+ cells is not always synchronized

spatially or temporally during development (8, 29). For instance,
in addition to the MGE, the preoptic area also generates PV+

cells that reach the visual cortex (30). Indeed, although the
mouse primary visual cortex contains more PV+ interneurons
than SST+ interneurons (16), MGE transplantation yields ap-
proximately equal numbers of PV+ and SST+ cells (9).
Cortical plasticity plays important roles in normal development

and has significant implications in disease (e.g., in amblyopia) and
in injury repair (e.g., in stroke and trauma rehabilitation) (31–33).
MGE transplantation is being developed as a promising thera-
peutic modification of neural circuits in several diseases (34).
Identifying and understanding the roles that different interneuron
subtypes play in plasticity will yield insight into the mechanisms
responsible for plasticity and will guide the therapeutic application
of interneuron transplantation.

Methods
Transgenic Animals. The Institutional Animal Care and Use Program at the
University of California, San Francisco approved all protocols and procedures.
All mice were housed in standard conditions on a 12-h dark/light cycle in the
Laboratory Animal Resource Center at the University of California, San
Francisco. PV-cre, SST-cre, R26-DTA, Ai14, and wild-type C57BL/6J breeders
were purchased from The Jackson Laboratory. Donor MGE cells were pro-
duced by crossing PV-cre/Ai14 double-homozygous, SST-cre/Ai14 double-
homozygous, or PV-cre/SST-cre/Ai14 triple-homozygous mice to R26-DTA
homozygous mice and harvesting the embryos at E13.5. Recipient animals
were obtained from breeding wild-type C57BL/6J animals together.

Cell Dissection and Transplantation. The ventricular and subventricular zones
of the MGE were dissected from E13.5 donor embryos and dissociated into
single cells via repeated pipetting in Leibovitz’s L-15 medium containing 100
IU/mL DNase I (Roche). Cells then were concentrated by centrifugation at
600 × g for 3 min. P7 C57BL/6J recipients were anesthetized using hypo-
thermia until pedal reflex disappeared and then were placed on a stereo-
taxic injection platform. The concentrated cells (∼100,000 cells/μL) were
loaded into a beveled Drummond glass micropipette (Drummond Scientific)
that was positioned at 30° from vertical. Two injections were placed into the
caudal left cortex with the coordinates anterior–posterior (A–P) 7 mm, me-
dial–lateral (M–L) 3.5 mm and A–P 6.5 mm, M–L 3.2 mm, respectively. Zero
was defined as the inner corner of the eye for A–P and as the midpoint
between two eyes M–L. The depth of both injections was 1.3 mm from the
surface of the skin. After injections, recipients were placed on a heating pad
until they became warm and active. Mice subsequently were returned to
their mothers until weaning age (P21).

Immunostaining. Animals were perfused with 4% formaldehyde in PBS. The
brains were removed, postfixed for 2 h in 4% formaldehyde, and cry-
oprotected in 30% sucrose. Coronal sections (30 μm) were cut using a sliding
microtome (Leica & Physitemp Instruments). Free-floating sections were
blocked for 1 h at room temperature in blocking solution [Tris-buffered
saline (TBS), 10% normal donkey serum, and 1% Tween-100] and were in-
cubated at 4 C° overnight using the following primary antibodies: chicken

anti-GFP, 1:1,000 (Aves); mouse anti-PV, 1:1,000 (Sigma); rabbit anti-SST,
1:300 (Swant); goat anti-SST, 1:200 (Santa Cruz); rabbit anti-calbindin,
1:1,000 (Millipore); rabbit anti-calretitin, 1:1,000 (Millipore); rabbit anti-
neuropeptide Y (NPY), 1:1,000 (Abcam); and rabbit anti-Reelin, 1:1,000,
(Abcam). After washing in TBS and 1% Tween-100 three times for 15 min
each, sections were incubated in blocking solution with the following sec-
ondary antibodies at 1:1,000 each: Alexa Fluor 488 donkey anti-chicken
(Jackson ImmunoResearch), Alexa Fluor 568 donkey anti-mouse, Alexa Fluor
568 donkey anti-rabbit, Alexa Fluor 647 donkey anti-rabbit, and Alexa Fluor
647 donkey anti-goat (Life Technologies). After 1 h of incubation with sec-
ondary antibodies at room temperature, sections were washed three times
in PBS for 10 min each, mounted on glass slides, and coverslipped.

Cell Quantification. Images of the binocular visual cortex, demarcated by
the DiI (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine perchlorate)
injections, were captured using the Zeiss Axiovert-200 microscope (Zeiss),
a AxioCam MRm camera (Zeiss), and Neurolucida (MBF Bioscience). GFP+

cells were counted in every sixth section (180 μm apart). To determine cell
densities, all GFP+ cells within the binocular visual cortex were counted, and
these numbers were divided by the area of binocular visual cortex de-
lineated by the DiI injections (see below).

Optical Imaging of Intrinsic Signals. Surgical preparation, optical imaging, and
analysis of intrinsic signals were performed as previously described (35, 36).
Briefly, 2–3 d before imaging, mice were anesthetized using 2.5% isoflurane
in oxygen, and the skull over the left visual cortex was exposed and pro-
tected with a layer of nitrocellulose (New-Skin; MedTech Products). A custom
stainless steel head plate was attached to the skull with dental acrylic. Mice
then were given 5 mg/kg of carprofen s.c. for postoperative analgesia. On
the day of baseline imaging, mice were anesthetized with 0.7% isoflurane in
oxygen, supplemented with a single i.p. injection of 2–5 mg/kg chlorpro-
thixene, and placed on a heating pad that maintained the body temperature
at 37.5 °C through a rectal thermo probe feedback. The head plate was se-
cured in a stereotaxic frame, and the imaging window directly above the
binocular visual cortex was covered with agarose and topped with a coverslip
to provide a flat imaging surface. The eyes were protected with a thin coat of
silicone oil. A black-and-white contrast-modulated stochastic noise movie was
presented to the binocular visual field (−5° to +15° azimuth) at 25 cm in front
of the mice. The movie was presented, four or five times to each eye alter-
natively for 5 min per session for a total presentation of 20–30 min to each
eye. During the imaging sessions, 610-nm light reflected by the visual cortex
was gathered using a Dalsa 1M30 CCD camera (Dalsa) focused at 550 μm
beneath the surface of the brain. At the end of the last imaging session, the
boundaries of the binocular cortex were determined by overlapping the re-
sponse maps of optical imaging with images of surface blood vessels and
were marked with thin tungsten wire coated with DiI (Invitrogen).

Analysis of Optical Imaging Data. Amap of visual response data was extracted
from the raw optical imaging data using a custom Fourier analysis program
(37). The average amplitude of signal within the region corresponding to
the binocular visual cortex was taken to represent the strength of visual
response. ODI was computed as the average of (C − I)/(C + I) at each pixel
within the binocular response region, where C is the response to contra-
lateral visual stimulation and I is the response to ipsilateral stimulation.

Statistical Analysis of Histological and Optical Imaging Data. AMann–Whitney–
Wilcoxon rank-sum test was performed to determine the significance of
differences in ODI at baseline and after 4–5 d MD, the rostral–caudal dis-
tribution of transplanted cells, and the degree of plasticity and the ampli-
tude of ocular response for each experimental group. One-way ANOVA and
Bonferroni post hoc test was performed to determine the significance of
differences in ocular dominance shift (defined as baseline ODI − post MD
ODI) among experimental groups. Linear regression was performed to de-
termine the dependency of magnitude of plasticity or amplitude of visual
response on the density of total transplanted cells, transplanted PV+ cells, or
transplanted SST+ cells. All statistical analyses were performed using Prism
5 (GraphPad).
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